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Currently, significant resources are deployed to investigate electric and pneumatic vehicles 
in response to environmental, energy and consumer pressures.  The goal of this thesis is to 
show conceptual development, analyze, performance assessment and comparative 
evaluation to further develop a pre-commercial design of compressed air vehicle. Three 
novel pneumatically or pneumatic-electric powered vehicles are developed, and energetic 
and exergetic performances given on the basis of different regimes, energy load, and 
climate conditions.  
 System 1 is a pneumatic only with three stage expansion air motors. It is important 
to reheat the air at inter-stages, because of two reasons, namely more work can be retrieved 
and icing of the exhaust pipe while air cools-down during expansion is avoided. This 
system takes required air for regeneration from outside. The energy and exergy efficiencies 
of System 1 are 63.0% and 45.0%, respectively. The results show that the driving range of 
first system car, is 198 km per full tank.  
 System 2 is a pneumatic only with two stage expansion air motors. It is important to 
reheat the air at inter-stages. This system takes required air for regeneration from low 
pressure tank to main storage tank. The energy and exergy efficiencies of System 2 are 
68.0% and 47.0%, respectively. Expected driving range of pneumatic vehicle is depending 
on the vehicle size. The results show that the driving range of second system car, is 202 
km per full tank.  
 System 3 is a hybrid electric and compressed air powertrain car with two stage 
expansion air motors. The powertrain integrates two power generation systems: electric 
and pneumatic (compressed air). Two stages expansion and reheating between stages with 
electric motors heat and at the same time cooling the electric windings with compressed 
air considered. The energy and exergy efficiencies of the System 3 are 72.0% and 51.0%, 
respectively. The expected driving range with hybrid driving range is 385 km per full air 
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Chapter 1: Introduction 
The goal of this thesis is to analyze and further develop a pre-commercial design of 
electrical/compressed air vehicle. For half a century the air-powered locomotive was a 
serious contender for the top spot in transportation because of its obvious advantages, such 
as simplicity, safety, economy, and cleanliness. Air engines were built first during a period 
of experimental daily use in metropolitan street transit during the 1880s and 1890s, by 
companies organized by inventors and air car advocates. Air-powered mining locomotives 
were manufactured routinely by steam locomotive companies.  
 
 During the recent decades, the environmental impact of fossil fuels has urged 
research directions for finding an alternative energy carrier for light vehicles that can 
provide a zero polluting solution for whole fuel cycle represents a challenge of today 
technological development.  
 
Nevertheless, electric, hydrogen and synthetic fuel vehicles are all part of the solution 
of a clean transportation sector. Another strong competitor on the future market of “green” 
vehicles is represented by compressed air cars. The potential of this technology has been 
investigated theoretically and experimentally in recent years and shows promising features. 
Several applications of compressed air propulsion are known from the past including 
locomotive, transport of mining vehicles (where flue gas and sparks were not acceptable) 
etc., but only recently the technology has been proposed for light passenger cars, and it is 
viewed as a prime competitor of electric vehicles. 
 
A number of companies announced plans of compressed car development (e.g., Tata 
Motor from India, MDI Air Car from South Africa, Air Car Factories from Spain, Energine 
from South Korea and K’Air Mobile from France), all of them focussing on ultra-light 
passenger car vehicles (~250kg curb weight) based on fibreglass body and chassis. The 
cost of driving a light compressed air vehicle is claimed to be similar to that of an electric 
vehicle. Moreover, the compressed air vehicle brings some advantages with respect to the 




 Slightly lower initial cost since no electrical drive is needed (which include expensive 
copper coil material) 
 Since the propulsion is pneumatic, there is neither battery degradation over the lifetime, 
nor battery discharge when vehicle is idle.  
 Faster refilling than batteries at specialized filling stations, ~3 minutes per refill. 
 Possibility to cool or heat the cabin through compressed air expansion/ compression. 
 Better opportunity to use regenerative braking: the braking work is converted into air 
pressure and heat (re-pressurizing, thus, the tank and extending the vehicle 
displacement range). On the contrary, in an electric vehicle, the braking energy is 
converted into electricity only, to recharge the battery, but no heat can be recovered 
from this process unless additional equipment is installed onboard for this purpose. 
 
1.1 Transportation sector energy challenges  
The infrastructure of electricity generation in Canada is favourable to expansion of 
sustainable resources. Canada is unique in the world in using hydro-electricity which 
makes 62.8% of its electrical energy generation share. Nuclear energy – which arguably is 
considered a clean electricity generation technology, produces 13.3% of Canada’s power. 
Other renewable resources (wind, solar) account for about a 2.5% share. Thus one can say 
that about 78.6% of Canada’s electricity is from sustainable sources. Figure 1.1 depicts the 
energy production in Canada as per kind of energy source. The hydro-electricity is at prime 
in Quebec with 95% share for the province, but also is important in Ontario with 28%. 
Nuclear power is the largest component in Ontario with a 45% share (data from NEB, 
2015). 
Compressed air vehicle represents an alternative solution that challenges, the 
electric vehicle and fuel cell vehicle with respect to range of displacement, life cycle cost 
and greenhouse gas emissions. Advantages and challenges for low emission and 
sustainable technologies used for electricity generation in Canada are described. As seen 
in Table 1.1, the advantages of sustainable energies are the reduction of GHGs, but they 




Table 1.1: Low emission and sustainable technologies used for electricity generation in 
Canada.  
Resource Advantages Challenges 
Wind Power No fuel cost, no emissions or waste, 
renewable source of energy, 
commercially viable source of 
power 
Less cost competitive than 
conventional energy source, variable 
energy resource, transmission issues, 
environmental concerns with regards 
to noise and interaction with birds, 
land use issues 
Small Hydro Low capital costs, many potential 
sites in Canada, well established 
technology, able to meet small 
incremental capacity needs, 
reduction in GHG emissions 
Regulatory approval can be costly 
and time consuming, access to grid, 
local opposition to new development 
Biomass Uses landfill gas, wood pellets, and 
waste products to create electricity, 
reduces greenhouse gas, high 
availability of sites 
High capital equipment and fuel 
costs, produces some emissions, 
access to transmission, competition 
for biomass materials use 
Geothermal 
Energy 
Reliable source of power, low fuel 
and operating costs, clean and 
renewable source of energy 
High capital costs, connecting to the 
grid can be difficult, few potential 
sites in Canada 
Solar PV Reliable, renewable energy source 
with zero emissions and silent 
operation, fuel is free, suitable for 
areas where fossil fuels are 
expensive or where there is no 
connection to the grid 
Restrictive and lack of grid 
connection for remote areas, not cost 
competitive, sun does not always 




Costs are expected to decline as 
technology develops, intermittent, 
but predictable source of green 
energy 
Potentially intrusive to marine life, 
investment is needed to promote 
research and development 
Clean Coal Highly efficient, potential for 
reduced greenhouse gas emissions 
High capital costs, lengthy start-up 
period 




Figure 1.1: Electricity generation shares in Canada per source type (data from CEA, 
2013). 
 
Hydrogen is another alternative and can also be used as a fuel in internal 
combustion engines or in fuel cells of electric vehicles. The main issue is the production of 
hydrogen that requires either very cheap electricity for electrolysis of water or natural gas. 
In the latter case it does not address the climate change problem. 
 
In essence, one proposes to use the existing infrastructure of electricity generation 
and distribution to produce a zero emitting energy carrier for transportation sector - which 
is compressed air. Compressed air vehicles appear to be a promising solution for zero-
emission local transportation. Also hybrid compressed-air/gasoline vehicles or other 
hybrids like battery electric/compressed air vehicles appear promising transition solutions 




Figure 1.2: Energy demand by sector, historic and projected growth (data from NEB, 
2015). 
 
Canadian demand for oil and natural gas increases by 28% over the projection 
period. Emerging fuels and technologies, such as solar hot water heating and electric 
vehicles, continue to gain market share. As it is showed in Figure 1.2, by 2035, the energy 
used per unit of economic output is projected to be 20% lower than in 2012, due to 
improvements in energy efficiency. In a reversal of the long-term trend, passenger 
transportation energy use declines over the projection, largely due to new passenger vehicle 
emission standards which are expected to improve vehicle fuel efficiency. 
 
1.2 Transportation sector environmental challenges 
Hybrid compressed air vehicles are a multitude of technical solutions for vehicle propulsion 
with compressed air stored on board in various ways like, compressed air or other 
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nitrogen). Also a number of hybrid configurations including gasoline/compressed air, 
hydrogen/fuel cell systems/compressed air and electric battery/compressed air vehicles can 
be considered. 
 
One known approach toward clean transportation involves production of synthetic 
fuels from renewable energy sources, for example biofuels, hydrogen, ammonia, etc. If 
only renewable energy sources are used for fuel synthesis, processing and distribution, the 
“synthetic fuel approach to transportation” is potentially non-polluting indeed. However, 
this solution bears rather high costs associated to fuel synthesis through chemical-physical 
processes that involve major irreversibility loses which have to be compensated on the 
expense of additional primary energy consumption. For example, photovoltaic hydrogen 
production through electrolysis involve 85% loses of primary energy at electricity 
production and additional 50% electrochemical loses for water splitting (NEB, 2015). 
 
 
Figure 1.3: Greenhouse gas emission trends, by sectors (data from CEA, 2013). 
 
Another kind of “green” alternative for vehicle propulsion consists of using 
“renewable electricity” as clean synthetic fuel. In this case, from clean primary energy 
sources one generates electricity which is stored in batteries on board of electric vehicles. 
The all-electric vehicle has a simple powertrain consisting of a large battery and an electric 
drive-generator, and therefore is cheap with respect to the initial cost. However, the 
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application of such technology is limited to specific cases, were, e.g., air conditioning or 
cabin heating is not necessary. Installing air conditioning on an all-electric vehicle is not 
an option from a technical and economical point of view; it will be using the electrical 
energy stored in the battery to drive the air conditioner or an electrical heater (whatever is 
the case), substantially diminishing the driving range. Additionally, in cold climates, the 
electrical battery lifetime diminished drastically. A known limitation of the electric 
vehicles is given by the heaviness of the electrical battery which is typically 450 kg for 150 
km range. Moreover, the battery discharges even if the car is idle for a short number of 
days. Furthermore, the electric car is a local transportation car, in the sense that, with the 
current battery technology the maximum driving range is 100-200 km (CEA, 2013). 
  
 Alternative energy vehicles are a hot market and zero pollution motors aims to bring 
a new kind of car to it. The electric-pneumatic powertrain of this thesis, advances a solution 
towards reduction of greenhouse gas emissions in transportation sector. In essence, one 
proposes to use the existing infrastructure of electricity generation and distribution, to 
produce a zero emitting energy carrier for transportation sector–which is compressed air. 
Compressed air vehicles appear to be a promising solution for zero-emitting proximity 
transportation. 
 
 Figure 1.3 shows that the transportation sector produce 21% from total greenhouse 
gas emission of world. Electric-pneumatic hybrid vehicles bring the potential of reducing 
fossil fuel consumption and the associated greenhouse gas emissions as the compressed air 
energy can be produced from electricity, which in turn is derived from sustainable sources 
as hydro, nuclear, wind or solar. Electric / compressed air vehicle represents an alternative 
solution that challenges the electric vehicle with respect to range of displacement, life cycle 
cost and greenhouse gas emissions. Emissions and economic activity are intrinsically 
linked, although in a Canadian context that relationship has weakened over the past two 
decades as a result of structural changes, as well as behavioral and technological changes 
and improvements. Emissions intensity, defined as GHG emissions per dollar of GDP, 




Figure 1.4: Canadian GHG emissions intensity (data from Environment Canada, 2014). 
 
 In Canada, the relationship between total GHG emissions and total real GDP has 
declined at an average annual rate of 1.3% from 1990 to 2012. Based on Figure 1.4 this 
trend is expected to continue but at a slower rate through 2020. This will happen if 
Canadian government invests on sustainable energy same as previous years (Environment 
Canada, 2014). 
 
 It is interesting to analyse Canadian statistic data regarding the GHG emissions while 
producing electricity. Data regarding GHG intensity at electric power generation is shown 
in Figure 1.5. This data show the average GHG emission in grams CO2 equivalent per kWh 
of grid electricity. It appears from these figures that the average GHG emissions by the 
Canadian grid (with 200 g CO2eqv per kWh) is lower than the average emissions to generate 
mechanical power on Canadian cars (with 943 gCO2eqv per kWh). 
 
 The technical limits of mechanical energy generation on board of cars using 




 Electric vehicle (EV) – in this case electricity is used to charge the vehicle battery which 
drives the electric motor of the vehicle. 
 Pneumatic vehicle (PV) – in this case electricity is used to generate power to compress 
air which is stored on pressurized tanks on vehicles; the compressed air energy is used 
to propel the vehicle through compressed air motors. 
 
 The electricity-to-shaft efficiency for EV, FCV and PV allow for calculation of the 
electrical energy needed in each case for producing a unit of energy at the vehicle shaft. 
The actual data for GHG emissions in Canada and its provinces shown in Figure 1.5 are 
used to calculate the results presented in Figure 1.6. Basically the gram of CO2 equivalent 
generated by the grid for each kWh of electricity has been divided by the electric-to-shaft 
efficiency of the vehicle (which represents the kWh of mechanical energy at shaft over the 
kWh of electricity input).  
 








































 Figure 1.6 also indicates with the dash-dot line the actual average emission of 
Canadian passenger cars. It can be concluded from this results that all three considered 
kinds of grid-connected electric vehicle bring benefits with respect to GHG emissions in 
comparison with gasoline cars in Canada (as average) and its provinces except the Alberta, 
Nova Scotia and Saskatchewan. In Figure 1.6, the GHG emissions of electricity-driven 
vehicles in the case when renewable energy sources are used are indicated. An indicator of 
5.11 g CO2eqv per kWh electricity is used in the calculations based on Dincer et al. (2010). 
It also appears justifiable to develop power stations based on renewable energy sources for 
fuelling local transport vehicles with a clean energy carrier. 
 
Figure 1.6: Estimated calculation of GHG emission of electricity driven passenger cars in 
Canada (Environment Canada, 2014). 
 
 Each vehicle propulsion solution (EV, PV) has its advantages and drawbacks. For 
example, the electric battery of the EV is voluminous and heavy; compressed air tanks are 
voluminous also, but less heavy than electric batteries for the same usable energy; 





































explosion danger. One can say that the two solutions complement each other rather than 
competing with each other. Hybrid vehicles like pneumatic-electric appear also as a 
possible solution for clean transportation. As well, gasoline-pneumatic hybrid can be seen 
as an alternative to gasoline-electric vehicle featuring low GHG emissions. 
 
1.3 Motivation 
Advances a solution towards reduction of greenhouse gas emissions in transportation sector 
during the last decade has motivated the researchers to work in this area, for reducing the 
greenhouse gas emissions, using compressed air as energy carrier is one of solutions that 
came to my attention. Therefore, the proposed systems based on compressed air because 
of its many benefits. Small, light but more driving range car will increase efficiency in 
transportation. These car need to be cost effective as well as efficient to meet all the 
requirement in competitive market of the transportation sector need.  
 
1.4 Objectives 
The objective of the present thesis is to conduct a comprehensive thermodynamic analysis 
of the electric and compressed air vehicle for its performance and comparison with other 
types of vehicles, investigate the physical limits of the electric-pneumatic, and develop a 
feasible conceptual design of the system for prototyping and implementation, covering all 
phases associated to compressed air vehicle charging and driving. Here are the specific 
objectives: 
 To develop three new configurations of pneumatic vehicle for analysis and assessment. 
 To design of thermal storage systems on-board for high temperature storage and low 
temperature storage depending on the seasons. 
 To investigate the thermodynamic limits and propose conceptual solutions for cabin 
heating and cooling through on-board air compression and expansion processes during 
various seasons. 
 To analyze and complete conceptual design of vehicle charging process with minimal 
loses and the quickest time. 
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 To examine the conceptual design of electric and compressed air vehicle for local 
transport that uses regenerative braking system for extending the driving range. 
 To complete a feasibility study of the alternative of producing cryogenic air-liquid 
instead of compressed air at the filling stations for quicker filling of the vehicle.  
 To conduct energy and exergy analyses on each developed system and study exergy 
destructions and energy and exergy efficiencies. 
 
1.5 Methodology 
Even though it leverages the benefits of the already mature technology of pneumatic drives 
and air compression, the development of compressed air vehicles requires significant 
extension of the know-how and finding innovative ways to solve various complicated 
technical issues. This study is an initiation of the technology development. Therefore, 
brainstorming to advance novel ideas will be combined with thermodynamic analysis and 
verifications. Here is a non-exhaustive list of issues and envisioned innovative ways of 
solving them within this thesis: 
 Multistage expansion with inter-stage reheating of the air is used. It is important to 
reheat the air at inter-stage because of two reasons, namely – more work can be 
retrieved, and icing of the exhaust pipe while air cools-down during expansion is 
avoided. The reheating heat exchanger must have a special design because it operates 
at temperatures close to the ambient and it must to reheat relatively large volumes of 
air. This thesis, outlines designing a multi-level heat exchanger network partly 
embedded in the vehicle body, such that in the day time solar radiation is harvested for 
increasing the enthalpy of the expanding air. This is one of the main technical 
innovations brought by the present proposal, which potentially can lead to patenting. 
 While charging the compressed air tank, the extensive heating is unavoidable. 
Therefore, one has to cool down the tank as much and as fast as possible, for obtaining 
better filling. Two alternatives were studied; continuous cooling of the tank during 
filling (with heat recovery) and filling of the vehicle with cryogenic air-liquid. The two 
alternatives will be compared and recommendations will be made for selecting the best. 
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 Finding innovative ways for regenerative braking, e.g., recharging the tank with fresh 
compressed air while braking is considered. 
 Investigating the possibility of storing the cold or heat onboard for regenerative use at 
latter times, e.g., cooling the air before compression at braking time, or heating the air 
before expansion during acceleration is considered. Such strategies will increase the 
driving range. Phase change materials will be investigated for this purpose. 
 Study of the alternative of producing air-liquid instead of compressed air at the filling 
stations is conducted. 
 
Thermodynamic analysis based on first and second law (exergy analysis) is performed to 
identify the physical limits of compressed air vehicle driving (e.g. maximum achievable 
driving range, best compressed air storage pressure and all other important technical 
parameters) under various practical situations. The detailed design follows and involves 
thorough calculations, modeling and simulation based on thermodynamics, heat and mass 
transfer, and fluid dynamics. Also in this phase advanced selection of materials and devices 
is performed.  
 
1.6 Noise assessment and control 
Most countries restrict the types of vehicle that can operate legally on their roads by some 
form of national legislation. Vehicle noise control will include interior and exterior noise 
control, noises are combination of engine, road, intake, exhaust, aerodynamic, brake, 
Squeaks, components and ancillaries noises. There are different methods for investigating 
noise problem in vehicles, active methods have been widely investigated for the control of 
both engine and road noise control in vehicles. Figure 1.7 shows noise from an average 
modern ICE passenger car, as shown two type of noise studied in passenger vehicles, road 
and propulsion noises with different speeds varies from 62 to 87 dB. The noise level of the 





Figure 1.7. The propulsion noise, the tire/road noise and the total noise from a passenger 
car calculated with the Nord2000 noise prediction model (Marbjerg G., 2013). 
 
The manufacturers of air motors and other air equipment like compressors 
increasingly need to have broad competence in dealing with noise. In fact, success in the 
competitive marketplace is coming to depend on having such acoustic know-how. It is 
often extremely difficult even to describe a problem in a qualified manner.  
The mechanical noise of a running air motor is very low. The expanding air is mainly 
responsible for the noise of a running air motor. To reduce the noise level dB a silencer can 
be mounted to the exhaust air. The noise level of the air motors (4.5–7.5 kW) is at an 
average of 85 dB, depending on the requirements it can be reduce this value to 60 dB by 
special solutions. 
Air jets are used extensively for cleaning, for drying and ejecting parts, for power 
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oil burners, etc. Reservoir compressed air pressure is usually in the range of 45 to 105 psi 
(300 to 700kPa), the air acceleration varies from near zero velocity in the reservoir to peak 
velocity at the exit of the nozzle. Typical sound pressure levels at 1 m from a blow-off 
nozzle can reach 105 dB. 
Interior noise increases with speed and the number of revolutions of the engine at 
which the vehicle is driven. At present, all manufacturers measure interior noise at a ‘steady 
speed’ in accordance with ISO standard 51284. A listing of the recorded noise levels for 
various vehicles is provided by the Auto Decibel Database. The sensitivity to speed as well 
as the kind of vehicle, from runabout to sports car, are entirely as expected (with a four-
sigma distribution range from quietest to noisiest). 
A noise label for cars could be based on a measurement at a steady speed of 100 
km/h. This is a constant cruising speed in top gear, at which it should be possible to listen 
to music or engage in conversation. A baseline can then be set for the points scale, e.g. 71 
dB. At present, there is no statutory limit for interior noise. Almost all passenger vehicles 
have an interior level of 71 dB or less, hence the suggestion of adopting this as the starting 
point of the scale. Table 1 shows a possible scoring system for passenger vehicles according 
to all three types of noise. 
 
Table 1.2. Comparison different types of cars’ noise in 100 km/h speed. 













100 km/h 62-87 dB 71 dB 70 dB 70 dB 69 dB 
(Marbjerg G., 2013). 
 
Compressed air components, such as turbine, valves, compressor and etc. are widely 
used within a broad spectrum of different designs. There are two basic types of sources that 
dominate the noise generated: 
 Exhaust air noise caused by the turbulent flow generated as the compressed air 
passes the motor and by the aerodynamic noise generated in the air exhaust. 
 Sound radiation from tool vibration caused by air flow inside the tool. The noise 




1.7 Space requirements  
About a decade ago, very high pressure (10,000 psi) light, carbon fiber hydrogen storage 
tanks were developed, and during the recent years they have become standardized and built 
to meet the safety standards developed by outside bodies. The auto companies don't need 
to engineer the compressed air tanks, they just specify the size of the tank they want. It is 
very difficult to pin down their cost, but there are hints that these tanks may now also be 
very expensive, carbon fiber technology is a mature technology, and so R&D work is on 
trying to reduce the cost. 
To sell a compressed air car it must look like a 'real' car. Designer can’t fill the trunk 
with tanks or put them on the roof, the tanks must be (pretty much) hidden. The one or two 
tanks in every car are under the floor at the back above the rear axle, generally surrounded 
by a metal frame for support and safety.  
It is imperative that the tanks be shielded from being cut, nicked or crushed due to 
road hazards or accidents. There is no choice of shape, the high pressure requires that large 
tanks have a cylinder shape with rounded ends. Most of the cost of tanks is the raw cost of 
the carbon fiber. Amount of carbon fiber in a tank is 47 kg and this is 68% of the weight 
of the tank. This translates into a tank weight of 68 kg, so tank weight is not a problem with 
high pressure class (metal free) tanks, it is the cost and volume. 
 
1.8 Targeted market segment 
In this study, car sales in Canada are categorized in small, mid and large size vehicles. 
Table 1.3 shows different types of small vehicles sale in March and first three months of 
2016 data. The cars are generally categorized into compact, subcompact, city car, warm 









Table 1.3. Small vehicles sale in March and first three months of 2016 
Small vehicles type March 2016 2016 Year-to-date 
Compact 30,902 67,499 
Subcompact 4298 11,826 
City Car 2133 4134 
Warm Hatches 1131 2202 
Crossovers 6078 13,737 
Source: (GAC, 2016) 
Small cars are important because the market is big, the importance of small cars, 
the thing that gets overlooked, is stability. Across all the vehicle segments, small cars beat 
just about every segment out there. For this reason this thesis targeted small car market 
with good market potential. That strong buyer loyalty among small car owners was one 
important motivation for this thesis. 
 
Figure 1.8. Small vehicles sale in first three months of 2016 
 
1.9 Proposed first system cost details and analyse 
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The cost of a traction drive inverter depends on its design specifications, which in turn is 
determined by the application’s specific drive cycle performance needs. The performance 
requirements include many variables, such as operating temperature, peak and continuous 
power, size and weight. Today most hybrid automotive inverter designs incorporate both 
the motor inverter and generator inverter into the traction drive inverter unit. Table 1.4 
shows a parts list for proposed system 3, amounts are approximate and founded around 
internet with too many sources. 
Table 1.4. Parts list for proposed system 3 
Part Quantity in Product Approximate Price unite 
Air Motors A, B 2 $150 
Air Motors C, D 2 $160 
Turbine A,B 2 $150 
Compressor A, B and C 3 $120 
Heat storage 1 $400 
Compressed Air Tanks 3 $650 
Dehumidifier A, B 2 $100 
Low pressure Tank 1 $400 
Valve  6 $15 
Regulator 1 $50 
Heat exchanger 1 $110 
Battery 1 $1,550 
Recharging Battery 1 $80 
Vehicle body 1 $1,800 
Chassis 1 $800 
Electronic Control Unit 1 $500 
Electric parts 1 $400 
Electric Motors 4 $800 
A/C System 1 $300 
Pipes and connections 1 $250 
Wheels 4 $600 
Axels  2 $220 
Other parts 1 $800 
Cost to Make 1 $2,000 
Unanticipated costs 1 $3,000 
 Total cost $22,000 
Source: (Automation Direct, 2014) 
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Chapter 2: Literature Review 
The increase in the demand of energy for transportation sector, the environmental 
degradation and the increase in the living standard of individuals day by day drives 
researchers to find the solutions of these problems in a more nature friendly manner. 
Finding an alternative energy carrier for light vehicles that can provide a zero polluting 
solution for whole fuel cycle, represents a challenge of today technological development. 
The literature review also shows that hybrid compressed air vehicle represents an 
alternative solution that challenges the electric vehicle with respect to range of 
displacement, life cycle cost and greenhouse gas emissions as follows. 
2.1 Pneumatic vehicles  
Rolfe et al. (2016) invented a pneumatic vehicle with a chassis, wheels, a compressed air 
tank, and an air motor driven by the compressed air and connected to a wheel. The vehicle 
also has a ventilation system for the passenger com-partment.  
In Richey (2015) designed car with a compressed air propulsion system supplies 
air utilized by a pair of opposing cylinders and their associated pistons and push/pull rods 
to cause a pair of sprockets to rotate clockwise in a controlled manner.  
Mizufune et al. (2015) suggested pneumatic vehicle includes the air compression 
apparatus and a first cooling fan configured to send first cooling wind in a first direction to 
cool the first air compressor, a second air compressor aligned with the first air compressor 
in a second direction intersecting with the first direction.  
Huba (2014) presented his invention relates to a compressed air system for a motor 
vehicle with an air supply system, particularly for use in commercial road vehicles with an 
air supply system.  
Shofner (2014) invented an engine and drive train system suitable for personal or 
commercial transportation vehicles. The system converts the expansive energy of 
compressed air or gas into mechanical energy to produce motion or force.  
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Davis et al. (2014) designed compressed air system is provided for automotive or 
motor-cycle use, wherein compressed air is utilized to assist clearing a windshield or a 
windscreen during foul weather. 
Mensah (2013) provided a pressurized air system his air system includes a 
compressed air tank, a turbine coupled to, and in fluid communication with, the compressed 
air tank and structured to convert mechanical energy, an electric motor, the electric motor 
coupled. 
Grace (2012) introduced a compressed air tank has an outlet in fluid communication 
with the inlet of a compressed air motor. Air leaving the compressed air motor is caused to 
flow across the Magnus rotor whereby lift is generated to counter gravitational force 
thereby reducing the effective weight of the system. 
Huff et al. (2011) invented an air engine system includes a motor coupled to the 
drive shaft of an air engine to control the speed of the air engine. The air engine uses 
compressed air from a compressed air source provided by an air compressor.  
Li (2010) invented a vehicle, driven by compressed air, includes at least one air 
compressor, which is positioned between a body and a wheel axle of the vehicle, is 
configured to generate compressed air responding to vibrations of the wheel axle caused 
by irregularities in the road surface.  
Gerum et al. (2010) proposed invention is a compressed-air system for supplying a 
compress-air injection module of a turbocharged internal combustion engine and the 
pneumatic systems of the vehicle comprises a compressor is provided.  
Leonard et al. (2010) has a novel design of a magnetic air car uses a magnetic motor 
to compress input air and save moderately compressed high-pressure air in storage tanks. 
The compressor and storage tanks deliver the high-pressure working air and operational 
flows to several stages of compressors that boost the pressures during driving. 
Kley et al. (2008) proposed an invention related to a method for control of a 
pressurised air supply system for a motor vehicle, system comprising a drive motor for 
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driving the motor vehicle, which drives an air compressor by means of a drive connection, 
or drive connection for driving the air compressor may be switched on.  
Cole (2006) introduced a compressed air powered vehicle. The vehicle includes a 
vehicle chassis having wheels. A compressed air source that is pneumatically connected to 
the air motor, and an air compressor which is provided on the chassis and pneumatically 
connected to the compressed air source to replenish compressed air in the compressed air 
tanks as needed. 
Heer (2005) invented a compressed air processing apparatus includes a pressure 
controller, an air dryer, a multi-circuit protection valve and an electronic control unit. A 
switching valve is designed and arranged to supply compressed air to an air suspension 
system and to deaerate the air suspension system.  
Mats (2000) proposed an invention relates to an arrangement for a compressed-air 
system in a vehicle, comprising a connection for feeding compressed air from a compressor 
to the rest of the compressed-air system. 
The literature lacks conceptual studies on the development of pneumatic vehicles 
and their analysis and assessment through energy and exergy approaches. The thesis study 
fills this gap with a comprehensive study by developing three conceptual designs and their 
analyses and assessments.  
2.2 Hybrid pneumatic and electric vehicles 
Trushar (2015) recommended the use of combined powertrain system. In his system the 
overall fuel consumption and fuel economy is improved. Such vehicle would run on fuel 
but would use its electric motor to boost the power when needed. The cost of HEVs are a 
little more than the conventional cars but they more efficient and the exhaust emissions are 
less. 
Majumdar et al. (1996) showed in their study the advantages of the pneumatic 
motors over conventional electric motor, for instance, high power-to-weight and power-to-
size ratios, low inertia which provides fast cycling, high power transmission at infinitely 
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variable speeds, safe dissipation of heat at high RPM, shock and explosion proof, simple 
design and construction, easy to maintain, Ability to withstand overloading, rapid reversals, 
and continuous stalling, resistance to heat, humidity, and hazardous atmosphere, but major 
disadvantage or limitation of air motors is their low efficiency compared to electric motors 
(mainly related air leakage),  another problem in the case of cylinder-type actuators is that 
speed variation under variable loads.  
Knight (2003) proposed the hybrid engines where braking energy is restored as 
compressed air and reused to power to the vehicle increases the fuel efficiency by up to 
64% within town and cities and 12% within motorways.  
Mroz (2015) studied in automotive engineering field and wrote an article which 
focuses on methods and strategies of output torque control. This article discussed the 
concept of torque control in two control modes, the so-called standard and with enhanced 
sports car performance.  
Huang et al. (2004) proposed a hybrid car system. Rufer et al. (2005) studied a 
supercapacitors-based system and the efficiency of a compressed air system.  Saider et al. 
(2010) identified about 10-20% efficiency although waste heat and leakages are the main 
drawbacks in his study. 
Hayderi et al. (2010) developed a series hybrid pneumatic vehicle based on Ikco. 
Samand passenger car was developed using commercially available components.  
Shen et al. (2009) had an air propulsion experimental study. His study includes 150 
kg weight motorcycle with rotating-vane air motor showing an observed efficiency of 40%; 
range and observes 2 km with 10-litre compressed air tank.  
Creutzig (2009a) studied the thermodynamic efficiency of a compressed-air car, 
and considered the merits of compressed air versus chemical storage of potential energy. 
Peter et al. (2009) designed Airpod for Tata Motors. This design has the following 
specifications: 220 kg in weight, tank capacity 80 kg of air (200 liter) with pressure 350 
bar, operating pressure 20 bar. The efficiency of the system was reported as 23%. 
Approximate range estimated to be 220 km with consuming 0.1 MJ/km. It is also reported 
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that the time to fill the tank is 3 minutes, the cost of the compressed air for the full tank is 
1.5 euro, and the cost of the car is estimated around $9000 US. 
Midhun (2014) showed two different configurations of using a multistage air 
powered engine with variable valve timing for powering a light transport vehicle were 
evaluated through thermodynamic simulation.  
Ziming (2010) presented a novel design of pneumatic regeneration system hybrid 
in an electric car. In his study in order to increase life of the battery, the battery isn’t 
recharged while the car is running. It’s only charged by the main power in the garage it is 
called plugin electric car. 
Creutzig et al. (2009b) made a comparison between conventional internal 
combustion engine powered by gasoline, electric vehicle, compressed air vehicle and 
hybrid compressed air vehicle and concluded that the pure compressed air vehicle is least 
efficient but the hybrid compressed one show remarkable performance. In fact it is 
suggested that hybrid vehicles of gasoline-compressed air kind are more economically and 
ecologically attractive than gasoline-electric battery vehicles.  
In another recent study by Liu and Yu (2008) it is suggested that liquid nitrogen or 
liquid air can be an improved alternative to compressed air vehicle: the density of energy 
storage for these options is similar to that of Ni-H electric battery as per volume basis; 
regarding the comparison as per mass basis, compressed air vehicle is 25% better than 
electric vehicle, while liquid nitrogen shows a double storage density. Moreover, the 
existent cryogenic liquid technology can be adapted and there is enough know-how which 
assures the safety of the solution.  
Kristiansen (2011) showed that automakers downsizing their engines to reduce 
engine friction, the kinetic regenerated compressed air has better circumstances as thrust 
giving fuel. To store compressed air and use it in e.g. four-stroked ICE, it will not have any 
combustion gasses while running on compressed air. Therefore, to achieve higher 




2.3 Hybrid pneumatic and internal combustion vehicle  
Antony (2014) designed a pneumatic hybrid vehicle which is being powered up by an 
internal combustion engine and an air engine. The air hybrid engine absorbs a part of 
vehicles kinetic energy, stores it in an air tank in the form of compressed air. 
  Javani et al. (2012) proposed system that recovers heat for cabin cooling for ejector 
and absorption cooling cycles. The energy and exergy analyses are conducted to study the 
role of various design parameters on the cooling capacity. The waste heat from the battery 
pack, as well from exhaust gases in the internal combustion engine (ICE) mode are the 
main inputs for the boiler and generator. 
 Most of the studies on the pneumatic hybridization of internal combustion engines 
dealt with a two-stroke pure pneumatic mode to date. A few of the concept studies dealt 
with a hybrid pneumatic–combustion four-stroke mode. Basbous et al. (2012) described a 
new concept of a hybrid pneumatic–combustion engine that can be obtained by modifying 
a conventional internal combustion engine. 
 Dönitz et al. (2008) designed hybrid pneumatic engine following the downsizing and 
supercharging paradigm where they suggested a fuel-saving potential that is almost equal 
to that of hybrid electric powertrains while inducing much lower additional mass and cost 
penalties. 
 Huang et al. (2004) simulated the overall dynamic characteristics of the hybrid 
pneumatic-power system in accordance with the regulated running-vehicle test-mode and 
with experimental verification and analysis Their experimental results showed that this 
design could offset the shortcomings of the low-density of pneumatic power and so 
effectively enhance the efficiency of the whole system. 
 Wang et al. (2010) developed a model which was used for obtaining better valve 
timing for engine control. Their established engine maps were incorporated into the 
simulation package to evaluate the potential fuel economy improvement for a refuse truck 
under a variety of driving cycles. Depending on the particular driving cycle, their 
simulation showed a potential 4%-18% fuel economy improvement. 
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Uzuka et al. (2009) introduced coupling of air motors with internal combustion 
engine with heat recovery from exhaust gases which is studied in the literature as a possible 
way to improve the system efficiency.  
Based on Huang et al. (2005) study, it is known that the overall thermal efficiency of 
an internal-combustion engine is around 20-30%. Barr A. (2006) showed a better 
performance of the internal-combustion by resulting in that recycling of the exhaust energy 
can increase the thermal efficiency about 18%. The objective of their paper was to outline 
the major mechanical alternatives to electrical hybrid systems along with their advantages 
and disadvantages. 
 
2.4 Hybrid pneumatic, liquid propane gas and hydraulic 
Wicks et al. (2002) introduced various engine configurations and a vehicle system based 
on compressed air including hydraulic coupled compressed gas regenerative braking 
system. 
A liquid nitrogen-powered engine and an air-compressed engine were also 
compared in the study by Lin et al. (2008). The overall efficiency of liquid nitrogen-
powered engine is in the range of 3.6%-14% and can reach up to 26.9%. The overall 
efficiency of the compressed air-powered engine is 25%, 32.3% and 34.4% under pressure 
1 MPa, 3 MPa and 6 MPa, respectively. Miyajima et al. (2004) showed that the 
performance of the air motor is crucial for obtaining a reasonable overall system efficiency.  
Liu (2008) investigated the feasibility and outlook of air-powered vehicles 
including compressed air-powered vehicle and liquid nitrogen-powered vehicle. 
Experimental data were used to analyze the energy density, performance, safety, running 
efficiency, fuel circulation economy and consumer acceptance via thermodynamic 
analyses. 
There are many studies regarding the control systems of the pneumatic vehicle, 
which is one of the significant areas. For example: the low-level control for a prototype 
hydro-mechanical transmission drive train with independent wheel torque control was 
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reported by Sim et al. (2009) while speed and direction control of a motor were studied by 
Marumo et al. (2006). 
 
2.5 Hybrid pneumatic and hydrogen/fuel cell systems 
Liquid nitrogen as a combustion-free and non-polluting vehicle fuel studied by Ordonez et 
al. (2000) who developed an open cycle engine. Overall, it was shown that compressed air 
or liquid air (nitrogen) vehicle is worthy of consideration as part of the future sustainable 
vehicle solution. Liquid nitrogen is very similar to liquid air in behaviour. Ordonez (2000) 
investigated a cryogenic engine concept that uses solar heat to raise the enthalpy of the 
cryogenic nitrogen before expansion, showing promising efficiency. 
Sim et al. (2010) reported the engineering research center for compact and efficient 
fluid power at the University of Minnesota has been developing a hydraulic hybrid 
passenger vehicle with a hydro-mechanical transmission (HMT) drive train with 
regeneration and independent wheel torque control. 
 
2.6 Hybrid pneumatic vehicles comparative study 
Table 2.1 shows a comparison between Honda Civic with spark-ignition internal 
combustion engine, Jetta TDI with diesel engine-internal combustion engine, Honda Civic 
Hybrid with hybrid electric-combustion engine, Chevrolet Volt with extended-range 
electric powertrain, Honda FCX with fuel cell engine, Miles XS with full electric 
powertrain and PSA Peugeot Citroen's with hybrid pneumatic electric.  
This thesis’s proposed systems can be categorised by PSA Peugeot Citroen's with 
hybrid pneumatic electric motor. As it is shown in the table, hybrid pneumatic electric car 
has great advantages in almost all criteria like acceleration, driving range, fuel economy, 
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Chapter 3: System Descriptions 
In this thesis, three systems are modeled and analysed based on energy and exergy analyses. 
This thesis analyses, validates and proves a hybrid electric - compressed air powertrain and 
two compressed air systems for light-duty vehicle applications. The following chapter is 
divided into three subsections where each subsection covers one system. 
3.1 System 1: Open type pneumatic only car  
When a vehicle is low on air it stops at the refueling station and has dry, clean air injected 
into its main storage tank at 10,000 psi. The injection can be done in the form of a cooled 
air instead of air at ambient temperature, allowing for better and faster filling with air. 
Alternatively, air can be pumped in at cryogenic temperature in a liquid form. Liquid air is 
correctly metered and once filled in will expand inside the tank due to ambient heat addition 
and will increase its pressure.  
As shown in Figure 3.2, the air from the main storage tank travels to a pressure 
regulator which reduces the pressure from 10,000 psi to 300 psi which is the operating 
pressure for the two drive motors at the vehicle front. After the expansion in the motors, 
air becomes colder (states 9 and 10 in the figure). Therefore, this air passes through a long 
heat exchanger placed longitudinally under the car, where it contacts thermally with 
ambient air and therefore is reheated. There is a good opportunity for this heat exchanger 
to have a large heat transfer area and work effectively to raise-up the temperature of air in 
states 11 and 12, prior to the rear air motors. A second stage of expansion occurs in the rear 
air motors which are of larger size, installed one at each wheel. The expanded air from the 
rear motors is collected in stream 15 and reheated again using the thermal storage on-board. 
Further, air is expanded in a third stage in turbine “A” which drives an electric generator 
for on-board power requirements.  
As it seen in Figure 3.1 for starting, if car is far from plugin electric power and there 
is not enough power in recharging battery to heat air flow, supplementary heat pump will 
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The air from the regulator travels to a three way valve which lets air from the main 
storage tanks or air from the braking system compressors (which ever has the higher 
pressure at the time) travel to the buffer tank.  
The front two wheels have compressors that are engaged during braking which 
produces compressed air that travels to the three way valve prior to the buffer tank as 
described above. The air from the buffer tank travels through the heat exchanger which 
heats the air. A valve at each wheel is provided to adjust the air flow to each motor during 
vehicle running. 
Compressing humid air, which is usually all ambient airs including with moisture, 
need more work than dry air. This means if we dehumidify air before compression presses, 
the system has the advantage to accumulate more regenerative energy from determinate 
amount of work with more possess efficiency. On top of that wet air will give more and 
fast damage to regenerative compressors (states 19, 20, 21 and 22 in Figure 3.2). 
During summer, tubing works as a heat exchanger to cool the intake air with cold 
expanded air from air motors. Further, the cooled outside air is used for cabin cooling. 
During winter the electric heating element heats up the outside air for cabin heating, (states 
17 and 18 in Figure 3.2). 
This system has multistage expansion with inter-stage reheating of the air. It is 
important to reheat the air at inter-stage because of two reasons, namely – more work can 
be retrieved, and icing of the exhaust pipe while air cools-down during expansion is 
avoided. The reheating heat exchanger must have a special design because it operates at 

















































































Fig. 3.2: Schematic illustration of first system (pneumatic only car, open inlet with three 




3.2 System 2: Closed type pneumatic only car  
The compressed air car is a vehicle, having the following components: a compressed air 
storage tank, a reversible pneumatic drive and auxiliary systems as heat exchangers used 
for recovering the refrigeration effect of the expanding air and for inter-stage reheating of 
the expanding air. As shown in Fig. 3.3 the air from the main storage tanks travels to a 
pressure regulator which reduces the pressure from 10,000 psi to 300 psi which is the 
operating pressure for the four drive motors (states 8, 9, 10 and 11 in Figure 3.3). After the 
expansion in the wheel’s motors, air becomes colder (states 12, 13, 14 and 15 in Figure 
3.3). The expanded air from the air motors is collected in stream 20. Therefore, this air 
passes through the heat exchanger with phase change material storage option and reheated 
again using the thermal storage on-board. Further, second stage of expansion occurs in the 
turbine “A” which drives an electric generator for on-board power requirements.  
The air from the low pressure tank travels to a three way valve which lets air from 
the main storage tanks or air from the braking system compressors (which ever has the 
higher pressure at the time) travel to the high pressure tank. The front two wheels have 
compressors which are engaged during braking which produce compressed air which 
travels to the three way valve prior to the tank as described above. The air from the buffer 
tank travels through the heat exchanger which heats the air.  
A valve at each wheel is provided to adjust the air flow to each motor during vehicle 
running. A Brayton–type heat pump is installed which heats up an air stream using a 
compressor driven by an air turbine, this heats the thermal storage unit and reheats air 
before expansion stages (State points 20, 21, 25 and 26 in Figure 3.3). As is known, when 
air is expanded with a large expansion ratio, the temperature is reduced dramatically, 
battery or regenerative braking system might apply this system to meet system heat 
demand. As mentioned latter that a heat exchanger has a benefit to the system by avoiding 
a freezing effect and other advantages, increasing air temperature before entering the 
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Fig. 3.3: Schematic illustration of second system (pneumatic only car, closed inlet with 
two stage expansion air system). 
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3.3 System 3: Hybrid electric and compressed air powertrain car 
The powertrain integrates two power generation systems, electric and pneumatic 
(compressed air) working together to power a vehicle. The electric system is the primary 
system whereas the pneumatic system acts as backup, extending the driving range in the 
case where the battery runs out, however, during regenerative braking operation, both 
systems work jointly. Two stages expansion and reheating between stages with electric 
motors heat and at the same time cooling the electric windings with compressed air 
considered. 
The combination of the two systems relate to a power system for a vehicle, and 
more particularly, the combination refers to a constant recharging air and electric 
alternating power system for a vehicle, the pneumatic system however can shut the electric 
down when the air pressure reaches its maximum operating level from too much 
regeneration, design utilizes electric and compressor because both systems have incredible 
low end torque enabling direct drive to the wheel, eliminated the engine, transmission and 
powertrain greatly reducing mechanical friction loss. Additionally both systems can be 
easily recharge from free energy, when both systems are near discharged then the vehicle 
can be recharged/refilled at a recharging/refilling station. 
The air system will then work until it lowers its pressure to an acceptable level at 
which point it changes back to the electric system to power the vehicle. The two systems 
are recharged during deceleration of the vehicle and during operation of the Air system. 
When the operator removes his foot from the accelerator the electric motors which turn in 
the opposite direction to the travel of the vehicle are engaged which sends generated 
electricity back to the battery arrays. If the vehicle does not slow down enough, then when 
the operator places his foot on the brake pedal, the air compressors are engaged for 
producing compressed air, which is sent to the compressed air tank. At this time both 
systems are recharging the vehicle. If again the vehicle does not slow down sufficiently 
then as the operator applies more pressure to the brake pedal the braking system engages 




As shown in Figure 3.4 the air from the main storage tanks travels to a pressure 
regulator which reduces the pressure from 10,000 psi to 300 psi which is the operating 
pressure for the four drive motors at the vehicle front and rear. After the expansion in the 
motors, air becomes colder (states 12, 13, 14 and 15 in Figure 3.4). Therefore, this air 
passes through electric motors to raise-up the temperature of air at states 16, 17, 18 and 19, 
prior to the heat exchanger with phase change material storage option.  
The expanded air from the air motors is collected in stream 20 and reheated again 
using the thermal storage on-board. Further, second stage of expansion occurs in the turbine 
“A” which drives an electric generator for on-board power requirements.  
Air is filled cryogenically in liquid form from a specialized station, in a metered 
way directly to the tanks. Inside tanks air boils and superheats increasing quickly the 
pressure after the filling is completed and tank locked. The compressors which are also 
used as for regenerative braking are now turned with the electric generator working in 
reverse as motors to compress air by the car system itself.  
In colder days of year, the external plug may need to be plugged into car heat 
exchanger/storage. While the car is in a station it can be plugged in for fast recharging of 
the battery, at the same time it can store heat in PMC. At home it can be plugged into a 
typical power outlet. During summer, rubber tubing works as a heat exchanger to cool the 
intake air with cold expanded air from air motors. Further, the cooled outside air is used 
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Chapter 4: Model Development and Analyses 
In this section the pneumatic vehicle is analyzed on the basis of the first and second laws 
of thermodynamics. From thermodynamics point of view, isothermal compression requires 
the minimum mechanical energy input. Isentropic compression rather than isothermal is 
the logical choice of defining the minimum compression work, even though it is known 
that the isentropic work is higher than the isothermal one. It is known however that 
isentropic compression is not possible in practice since all processes are dissipative and 
generate entropy. In a real process, the entropy must increase during the compression, but 
if the pressure ratio is reasonably low and the system is made adiabatic, the isentropic 
process becomes a good approximation. 
4.1 Basic theoretical model and development  
In this section, a basic theory is built for further modeling of the above three systems. There 
are two parts for such theoretical study, namely thermodynamic analysis of expansion unit 
and thermodynamic analysis of regenerative braking air compression.  
4.1.1 Thermodynamic analysis of expansion unit  
There is no technically practicable device to extract fully the thermo-mechanical energy 
stored in compressed gas because such a device must conduct a reversible isothermal 
expansion process, which necessarily violates the second law of thermodynamics. To 
extract mechanical energy from a compressed gas one can contemplate a realistic design 
as that shown in sketch from Figure 4.1 which comprises the storage tank and an expansion 
device (air motor). The storage tank has a given volume V and a given initial pressure is 











Figure 4.1: Basic system block diagram of an air vehicle 
It is reasonable to assume that the gas from the tank is in thermal equilibrium with 
the environment; thus its temperature is 𝑇0. The gas expands to ambient pressure 𝑃0 through 
a process with entropy increasing; at the limit the expansion is isentropic. This is the case 




















7 + 1     (4.1) 
which defines and expresses the dimensionless volumetric work that can be extracted from 
a pressurized tank containing ideal gas at the initial pressure  𝑃 = 𝑃𝑅 × 𝑃0 at which the 
specific volume of the gas in the tank is  𝑣 = 𝑅𝑇0/𝑃; the gas is expanded isentropically to 
the 𝑃0 and the gas in the tank, during the expansion process, is in thermal equilibrium with 
the environment at  𝑇0. (Cengel and Boles, 2015) 
The expansion process can produce more work output if the expansion is conducted 
in stages with inter-stage reheating. At each expansion stage the gas reaches temperatures 
below the ambient (assuming that the temperature at the expander inlet is 𝑇0). The ambient 
atmosphere can be used then as a heat source to reheat the air at inter-stages to a 
temperature ideally equal with 𝑇0 prior to the next expansion. The balance equations for 
the expansion system shown in Figure 4.2 are presented in the following. Regarding the 
heat engine, one can obtain the recovered work based on heat balance equation as Q̇input =
Ẇrecov + Q̇reheat . Thus one has Ẇrecov = η/(1 − η)Q̇reheat.  
The mass balance for system is ṁ1 = ṁ2 = ṁ3 and the balance equations for 
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Figure 4.2: Thermodynamic model for air expansion motor 
 Expander     
The energy balance for the Expander can be written as follows:   
ṁ1h1 = ṁ2h2 + Ẇexp        (4.2) 
The entropy balance for the Expander can be written as follows:    
ṁ1s1 + Ṡgen,exp = ṁ2s2        (4.3) 
The exergy balance for the Expander can be written as follows:   
ṁ1ex1 = ṁ2ex2 + Wexp + Eẋd,exp       (4.4) 
 Heat exchanger  
The energy balance for the Heat exchanger can be written as follows:  
ṁ2h2 + Q̇reheat = ṁ3h3        (4.5) 
The entropy balance for the Heat exchanger can be written as follows:  
ṁ2s2 + Ṡgen,hx +
Q̇reheat
T0
= ṁ3s3       (4.6) 
The exergy balance for the Heat exchanger can be written as follows:  
ṁ2ex2 + Q̇reheat (1 −
T0
Ts
) = ṁ2ex3 + Eẋd,hx     (4.7) 
4.1.2 Thermodynamic analysis of regenerative braking  
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The following model represents the compression process assuming that air behaves as an 
ideal gas and interested in determining its maximum efficiency with respect to the electrical 
energy input. The regenerative braking energy conversion into mechanical shaft rotation 
energy to turn the compressor is assumed to occur without losses. The thermodynamic 
model for a compression is shown in Figure 4.3. It comprises an isentropic compressor 
followed by a heat recovery heat exchanger (process 2-3) which cools the gas from the 
isentropic discharge temperature T down to the ambient temperature T0 at which the gas is 
charged into the storage tank. The heat recovered from the gas cooling process is used to 
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Figure 4.3: Thermodynamic model of the regenerative braking air compression. 
The net work input that drives the process is the difference between the work 
needed for isentropic compression Ẇis and the recovered work: Ẇinput = Ẇis − Ẇrecov.  
However, with the current technology of heat recovery, heat engines, advanced expanders 
and heat exchangers, it appears possible technically and economically to apply externally 
driven heat engines in some specific cases at the compression stages. The mass balance 
equation is ṁ1 = ṁ2 = ṁ3; thus the analysis is done for 1 kg of working fluid. The balance 
equations of regenerative braking system are given as follows: 
 Compressor     
The energy balance for the Compressor can be written as follows:  
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ṁ1h1 + Ẇinput + Ẇrecov = ṁ2h2       (4.8) 
The entropy balance for the Compressor can be written as follows:  
ṁ1s1 + Ṡgen,comp = ṁ2s2        (4.9) 
The exergy balance for the Compressor can be written as follows:  
ṁ1ex1 + Ẇinput + Ẇrecov = ṁ1ex2 + Eẋd,comp     (4.10) 
 
 Heat exchanger    
The energy balance for the Heat exchanger can be written as follows:  
ṁ1h2 = ṁ3h3 + Q̇recov        (4.11) 
The entropy balance for the Heat exchanger can be written as follows:  
ṁ2s2 + Ṡgen,hx =
Q̇recov
T0
+ ṁ3s3       (4.12) 
The exergy balance for the Heat exchanger can be written as follows:  
ṁ2ex2 = Q̇recov (1 −
T0
Ts
) + ṁ2ex3 + Eẋd,hx     (4.13) 
The compression energy efficiency is defined as the ratio between the mechanical energy 
retrievable from compressed air and the energy used to run the compressor Ẇinput. The 
exergy efficiency of the compression is defined as the exergy stored in the compressed air 







}          (4.14) 
where  ?̇?retrievable and  ?̇?𝑥stored will be determined in the subsequent paragraphs. One 
now focuses on calculating the input mechanical work ?̇?input.  
In the all thermodynamic textbooks the actual input work for compression is 




wisoth = RT0 ln(PR)          (4.15) 
where 𝑅  is the gas constant, 𝑇0 is the ambient temperature and PR is the pressure ratio 
between the high compression pressure and the ambient pressure.  
The process is illustrated schematically in the diagram of Figure 4.3, which was 
calculated for air as ideal gas. Assuming that all heat is recovered from the inter-cooling 
process and used to drive a reversible heat engine, this heat engine will operate according 
to the triangular cycle with variable source temperature and constant sink temperature at 
𝑇0. This heat engine can be imagined as a superposition of infinitesimal Carnot heat 
engines. The work delivered can be approximated with the area of the triangle on a 𝑇 −
𝑠 diagram of the cycle; note that the working fluid should be other than air. One can assume 
no irreversibilities at the heat exchangers, the net input specific work sin the system from 
















 .      (4.16) 
which is used for the calculation of the work ratio for the system with heat recovery. This 
can be compared to the case without heat recovery and heat to work conversion. The 
comparison is given in the results section.  
4.1.3 Modeling assumptions  
The following assumptions are made for the analyses: 
 The changes in kinetic and potential energy and exergy are negligible. 
 The compressor and pumps are adiabatic. 
 The isentropic efficiencies of the compressors are 85%. 
 The pressure losses in all heat exchangers and pipelines are negligible.  
 The reference-environment state is specified as having a temperature T0 = 25 ℃ and a 
pressure P0 = 100 kPa. 





4.2 Thermodynamic analyses of systems  
In this section, the thermodynamic analysis for all three Systems are presented as follows: 
Energy and exergy analyses are performed for the proposed systems (see Figures 3.1, 3.2 
and 3.3) in order to provide the information about its performances, efficiencies and 
emissions.  
The detailed thermodynamic analyses are conducted to study mass, energy, entropy 
and exergy balance equations for each system and its components as presented in the 
following parts. (Dincer and Rosen, 2012). 
The general mass balance can be written as follows: 
∑ ṁii − ∑ ṁee =
dmcv
dt
           (4.17) 
The general energy balance can be written as follows:  











     (4.18) 




+ ∑ ṁei se − ∑ ṁii si − ∑
Q̇k
Tk
k       (4.19) 
The general exergy balance can be written as follows:  
EẋQ + ∑ ṁiexii = ∑ ṁee exe + EẋW + Eẋd      (4.20) 
where ṁ and m represent the mass flow rate and mass, respectively and the subscripts i 
and e refers to the inlet and exit of the control volume, respectively while cv represent the 
control volume and  Q̇, W,̇  E and t are the heat transfer rate, work rate, energy and time, 
respectively while symbols h, V, g and Z stand for specific enthalpy, velocity, acceleration 
of gravity and elevation, respectively also i and e denotes the inlet and exit of the control 
volume, respectively while the exergy destruction is denoted by Eẋd and The physical 
exergy is exph. 
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EẋQ = Q̇i (1 −
T0
Ti
)          (4.21) 
EẋW = Ẇ           (4.22) 
ex = exph + exch          (4.23) 
exph = h − h0 − T0(s − s0)         (4.24) 
The entropy that is generated within the process is called entropy generation rate denoted 
by Ṡgen. A detailed evaluation by exergy analysis provides valuable results for 
understanding the details of the overall system.  
4.2.1 Analyses of pneumatic only car, open type: System 1 
4.2.1.1 Balance equations of System 1 
The balance equations for mass, energy, entropy and exergy are written for the components 
in System 1 as follows:  
 Heat storage(PCM) unit 
The mass balance equation for the heating storage can be written as 
ṁ5 = ṁ6          (4.25) 
ṁ25 = ṁ26          (4.26) 
ṁ15 = ṁ16          (4.27) 
ṁ31 = ṁ34           (4.28)  
The energy balance equation for the heating storage can be written as 
 Charging 









+ ṁ26h26  













       (4.30)  
 Discharging  









+ ṁ16h16 + ṁ6h6 (4.31)  
The entropy balance equation for the heating storage can be written as 
 Charging 
ṁ31s31 + ṁ25s25 + mPCM
Sic
Δt𝑐






+ ṁ26s26  











       (4.33)  
 Discharging  









+ ṁ16s16 + ṁ6s6 (4.34)  
The exergy balance equation for the heating storage can be written as 
 Charging 

































   (4.36)  
 Discharging  












) + ṁ16ex16  
+ṁ6ex6          (4.37)  
 
The balance equations for mass, energy, entropy and exergy are written for the components 
in System 1 as follows:  
 Air motor A  
The mass balance for the air motors A can be written as follows: 
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ṁ8 = ṁ10            (4.38) 
The energy balance for the air motors A can be written as follows:  
ṁ8h8 = ṁ10h10 + Ẇ𝐴𝑀𝐴           (4.39) 
The entropy balance for the air motors A can be written as follows:  
ṁ8s8 + Ṡgen,AMA = ṁ10s10          (4.40) 
The exergy balance for the air motors A can be written as follows:  
ṁ8ex8 = ṁ10ex10 + ẆAMA + Eẋd,AMA         (4.41) 
 Air motors B  
The mass balance for the air motors B can be written as follows: 
ṁ7 = ṁ9            (4.42) 
The energy balance for the air motors B can be written as follows:  
ṁ7h7 = ṁ9h9 + Ẇ𝐴𝑀𝐵           (4.43) 
The entropy balance for the air motors B can be written as follows:  
ṁ7s7 + Ṡgen,AMB = ṁ9s9          (4.44) 
The exergy balance for the air motors B can be written as follows:  
ṁ7ex7 = ṁ9ex9 + ẆAMB + Eẋd,AMB         (4.45) 
 Air motor C  
The mass balance for the air motors C can be written as follows: 
ṁ11 = ṁ13            (4.46) 
The energy balance for the air motors C can be written as follows:  
ṁ11h11 = ṁ13h13 + Ẇ𝐴𝑀𝐶           (4.47) 
The entropy balance for the air motors C can be written as follows:  
ṁ11s11 + Ṡgen,AMC = ṁ13s13         (4.48) 
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The exergy balance for the air motors C can be written as follows:  
ṁ11ex11 = ṁ13ex13 + ẆAMC + Eẋd,AMC         (4.49) 
 Air motor D  
The mass balance for the air motors D can be written as follows: 
ṁ12 = ṁ14            (4.50) 
The energy balance for the air motors D can be written as follows:  
ṁ12h12 = ṁ14h14 + Ẇ𝐴𝑀𝐷           (4.51) 
The entropy balance for the air motors D can be written as follows:  
ṁ12s12 + Ṡgen,AMD = ṁ14s14         (4.52) 
The exergy balance for the air motors D can be written as follows:  
ṁ12ex12 = ṁ14ex14 + ẆAMD + Eẋd,AMD         (4.53) 
 Turbine A 
The mass balance for the turbine A can be written as follows: 
ṁ16 = ṁ17            (4.54) 
The energy balance for the turbine A can be written as follows:  
ṁ16h16 = ṁ17h17 + ẆTA          (4.55) 
The entropy balance for the turbine A can be written as follows:  
ṁ16s16 + Ṡgen,TA = ṁ17s17          (4.56) 
The exergy balance for the turbine A can be written as follows:  
ṁ16ex16 = ṁ17ex17 + ẆTA + Eẋd,TA        (4.57) 
 Turbine B 
The mass balance for the turbine B can be written as follows: 
ṁ32 = ṁ33            (4.58) 
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The energy balance for the turbine B can be written as follows:  
ṁ32h32 = ṁ33h33 + ẆTB          (4.59) 
The entropy balance for the turbine B can be written as follows:  
ṁ32s32 + Ṡgen,TB = ṁ33s33          (4.60) 
The exergy balance for the turbine B can be written as follows:  
ṁ32ex32 = ṁ33ex33 + ẆTB + Eẋd,TB        (4.61) 
 Heat exchanger1 
The mass balance equation for the heat exchanger 1 can be written as 
ṁ9 = ṁ11            (4.62) 
The energy balance equation for the heat exchanger 1 can be written as 
ṁ9h9 + Q̇in,HX1 = ṁ11h11+Q̇loss,HX1        (4.63) 




+ Ṡgen,HX1 = ṁ11s11 +
Q̇loss,HX1
T0
       (4.64) 
The exergy balance equation for the heat exchanger 1 can be written as 
ṁ9ex9 + (Q̇in,HX1 − Q̇loss,HX1) (1 −
T0
T
) = ṁ11ex11 + ṁ12ex12 + Eẋd,HX1        (4.65) 
 Heat exchanger2 
The mass balance equation for the heat exchanger 2 can be written as 
ṁ10 = ṁ12            (4.66) 
The energy balance equation for the heat exchanger 2 can be written as 
ṁ10h10 + Q̇in,HX2 = ṁ12h12+Q̇loss,HX2        (4.67) 






+ Ṡgen,HX2 = ṁ12s12 +
Q̇loss,HX2
T0
       (4.68) 
The exergy balance equation for the heat exchanger 2 can be written as 
ṁ10ex10 + (Q̇in,HX2 − Q̇loss,HX2) (1 −
T0
T
) = ṁ12ex12 + Eẋd,HX2     (4.69) 
 Cabin heating and cooling  
The mass balance equation for the cabin heating and cooling can be written as 
ṁ17 = ṁ18            (4.70) 
The energy balance equation for the cabin heating and cooling can be written as 
ṁ17h17 + Q̇in,CHC = ṁ18h18-Q̇loss,CHC        (4.71) 
The entropy balance equation for the cabin heating and cooling can be written as 






       (4.72) 
The exergy balance equation for the cabin heating and cooling can be written as 
ṁ17ex17 + (Q̇in,CHC − Q̇loss,CHC) (1 −
T0
T
) = ṁ18ex18 + Eẋd,CHC        (4.73) 
 Compressor A  
The mass balance equation for the compressor A can be written as follows: 
ṁ21 = ṁ24            (4.74) 
The energy balance equation for the compressor A can be written as follows: 
ṁ21h21 + ẆCA = ṁ24h24        (4.75) 
The entropy balance equation for the compressor A can be written as follows: 
ṁ21s21 + Ṡgen,CA = ṁ24s24         (4.76) 
The exergy balance equation for the compressor A can be written as follows: 
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ṁ21ex21 + ẆCA = ṁ24ex24 + Eẋd,CA       (4.77) 
 Compressor B  
The mass balance equation for the compressor B can be written as follows: 
ṁ22 = ṁ23            (4.78) 
The energy balance equation for the compressor B can be written as follows: 
ṁ22h22 + ẆCB = ṁ23h23        (4.79) 
The entropy balance equation for the compressor B can be written as follows: 
ṁ22s22 + Ṡgen,CB = ṁ23s23         (4.80) 
The exergy balance equation for the compressor B can be written as follows: 
ṁ22ex22 + ẆCB = ṁ23ex23 + Eẋd,CB       (4.81) 
 Compressor C 
The mass balance equation for the compressor C can be written as follows: 
ṁ30 = ṁ31            (4.82) 
The energy balance equation for the compressor C can be written as follows: 
ṁ30h30 + ẆCC = ṁ31h31        (4.83) 
The entropy balance equation for the compressor C can be written as follows: 
ṁ30s30 + Ṡgen,CC = ṁ31s31         (4.84) 
The exergy balance equation for the compressor C can be written as follows: 
ṁ30ex30 + ẆCC = ṁ31ex31 + Eẋd,CC       (4.85) 
 Dehumidifier A 
The mass balance equation for the dehumidifier A can be written as 
ṁ19 = ṁ21 + ṁ22          (4.86) 
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ṁ19𝜔𝑎1 = (ṁ21 + ṁ22)𝜔𝑎2 + ṁ20        (4.87) 
The energy balance equation for the dehumidifier A can be written as 
ṁ19h19 + Q̇DHA = ṁ21h21 + ṁ22h22 + ṁ20h20+Q̇loss,DHA      (4.88) 
The entropy balance equation for the dehumidifier A can be written as 
ṁ19s19 + Ṡgen,DHA +
Q̇,DHA
T0
= ṁ21s21 + ṁ22s22 + ṁ20s20 +
Q̇loss,DHA
T0
    (4.89) 
The exergy balance equation for the dehumidifier A can be written as 
ṁ19ex19 + (Q̇DHA − Q̇loss,DHA) (1 −
T0
T
) = ṁ21ex21 + ṁ22ex22 + ṁ20ex20 + Eẋd,DHA 
            (4.90)         
 Dehumidifier B 
The mass balance equation for the dehumidifier B can be written as 
ṁ26 = ṁ27            (4.91) 
ṁ26𝜔𝑏1 = ṁ27𝜔𝑏2 + ṁ28          (4.92) 
The energy balance equation for the dehumidifier B can be written as 
ṁ26h26 + Q̇DHB = ṁ27h27 + ṁ28h28 − Q̇loss,DHB       (4.93) 
The entropy balance equation for the dehumidifier B can be written as 
ṁ26s26 + Ṡgen,DHB +
Q̇,DHB
T0
= ṁ27s27 + ṁ28s28 +
Q̇loss,DHB
T0
      (4.81) 
The exergy balance equation for the dehumidifier B can be written as 
ṁ26ex26 + (Q̇DHB − Q̇loss,DHB) (1 −
T0
T
) = ṁ27ex27 + ṁ28ex28 + 𝐸?̇?𝑑𝑒𝑠𝑡DHB    (4.94)         
 3 way valve A 
For 3 Way Valve A, we can write the following mass balance equation: 
ṁ25 = ṁ23 + ṁ24           (4.95) 
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The energy balance equation for the 3 Way Valve A can be written as 
ṁ25h25 = ṁ23h23 + ṁ24h24          (4.96) 
The entropy balance equation for the 3 Way Valve A can be written as 
ṁ25s25 = ṁ23s23 + ṁ24s24 + Ṡgen,WVA        (4.97) 
The exergy balance equation for the 3 Way Valve A can be written as 
ṁ25ex25 + Eẋd,WVA = ṁ23ex23 + ṁ24ex24        (4.98) 
 3 way valve B 
For 3 Way Valve B, we can write the following mass balance equation: 
ṁ6 = ṁ7 + ṁ8           (4.99) 
The energy balance equation for the 3 Way Valve B can be written as 
ṁ6h6 = ṁ7h7 + ṁ8h8        (4.100) 
The entropy balance equation for the 3 Way Valve B can be written as 
ṁ6s6 + Ṡgen,WVB = ṁ7s7 + ṁ8s8       (4.101) 
The exergy balance equation for the 3 Way Valve B can be written as 
ṁ6ex6 = ṁ7ex7 + ṁ8ex8 + Eẋd,WVB      (4.102) 
 3 way valve C 
For 3 Way Valve C, we can write the following mass balance equation: 
ṁ4 = ṁ29 + ṁ3         (4.103) 
The energy balance equation for the 3 Way Valve C can be written as 
ṁ4h4 = ṁ29h29 + ṁ3h3        (4.103) 
The entropy balance equation for the 3 Way Valve C can be written as 
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ṁ4s4 = ṁ29s29 + ṁ3s3 + Ṡgen,WVC       (4.104) 
The exergy balance equation for the 3 Way Valve A can be written as 
ṁ4ex4 + Eẋd,WVC = ṁ29ex29 + ṁ3ex3      (4.105) 
 3 way valve D 
For 3 Way Valve D, we can write the following mass balance equation: 
ṁ15 = ṁ13 + ṁ14         (4.106) 
The energy balance equation for the 3 Way Valve D can be written as 
ṁ15h15 = ṁ13h13 + ṁ14h14        (4.107) 
The entropy balance equation for the 3 Way Valve D can be written as 
ṁ15s15 = ṁ13s13 + ṁ14s14 + Ṡgen,WVD      (4.108) 
The exergy balance equation for the 3 Way Valve D can be written as 
ṁ15ex15 + Eẋd,WVD = ṁ13ex13 + ṁ14ex14       (4.109) 
 Regulator 
For regulator, we can write the following mass balance equation: 
ṁ2 = ṁ3          (4.110) 
The energy balance equation for the regulator can be written as 
ṁ2h2 = ṁ3h3          (4.111) 
The entropy balance equation for the regulator can be written as 
ṁ2s2 + Ṡgen,Reg = ṁ3s3        (4.112) 
The exergy balance equation for the regulator can be written as 
ṁ2ex2 = ṁ3ex3 + Eẋd,Reg        (4.113) 
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 One way valve 
For one way valve, we can write the following mass balance equation: 
ṁ27 = ṁ29          (4.114) 
The energy balance equation for the one way valve can be written as 
ṁ27h27 = ṁ29h29         (4.115) 
The entropy balance equation for the one way valve can be written as 
ṁ27s27 + Ṡgen,OWV = ṁ29s29       (4.116) 
The exergy balance equation for the one way valve can be written as 
ṁ27ex27 = ṁ29ex29 + Eẋd,EV1       (4.117) 
 Buffer tank 
The mass balance equation for the buffer tank can be written as 
ṁ36 + ṁ4 = ṁ5         (4.118) 
The energy balance equation for the buffer tank can be written as 
ṁ34h34 + ṁ4h4 = ṁ5h5        (4.119) 
The entropy balance equation for the buffer tank can be written as 
ṁ34s34 + ṁ4s4 + Ṡgen,BT = ṁ5s5       (4.120) 
The exergy balance equation for the buffer tank can be written as 
ṁ34ex34 + ṁ4ex4 = ṁ5ex5 + Eẋd,BT      (4.121) 
4.2.1.2 Energy and exergy efficiencies of System 1 
The energy efficiency can be defined for the systems considered here as the ratio of useful 
energy output to the total energy input. In this, the energy efficiencies for the air motors A 
and B, air motors C and D, turbine A, turbine B, heat exchanger, heat storage, cabin heating 
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and cooling unit, compressor A and B, compressor C, dehumidifier A, dehumidifier B and 
overall system are defined and evaluated.  
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The energy efficiency of the overall system (Figure. 3.1) can be written as follows: 
ηen,OV=
?̇?𝐴𝑀𝐴 +?̇?𝐴𝑀𝐵 +Ẇ𝐴𝑀𝐷 +ẆTA+ẆTB+Ẇ𝐴𝑀𝐶 
ṁ2h2+Ẇin,battery+Ẇ𝐶𝐴 +Ẇ𝐶𝐵 +Q̇in,HE1+Q̇in,HE2+Q̇DHA+Q̇DHB+Q̇in,CHC
  (4.137) 
The exergy efficiency is defined here as the ratio of useful exergy output to the total exergy 
input. Exergy efficiencies for the air motors A and B, air motors C and D, turbine A, turbine 
B, heat exchanger, heat storage, cabin heating and cooling unit, compressor A and B, 
compressor C, dehumidifier A, dehumidifier B and overall system are defined and 
evaluated.  
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        (4.152) 
The exergy efficiency of the overall system (Figure. 3.1) can be written as follows: 
ηex,ov1=









4.2.2 Analyses of pneumatic only car, closed type: System 2 
4.2.2.1 Balance equations of System 2 
The balance equations for mass, energy, entropy and exergy are written for the components 
in system 2 as follows:  
 Heat storage(PCM) unit 
The mass balance equations for the heating storage can be written as: 
ṁ6 = ṁ7          (4.154) 
ṁ17 = ṁ18          (4.155) 
ṁ21 = ṁ22          (4.156) 
ṁ24 = ṁ25           (4.157) 
ṁ26 = ṁ29           (4.157) 
The energy balance equation for the heating storage can be written as 
 Charging 









+ ṁ29h29  











      (4.159) 
 Discharging  










ṁ25h25 + ṁ18h18         (4.160) 
The entropy balance equation for the heating storage can be written as 
 Charging 
ṁ21s21 + ṁ26s26 + mPCM2
Si2c
Δt𝑐2






+ ṁ29s29  













      (4.162) 
 Discharging  










ṁ25s25 + ṁ18s18         (4.163) 
The exergy balance equation for the heating storage can be written as 
 Charging 

































   (4.165) 
 Discharging  













ṁ7ex7 + ṁ25ex25 + ṁ18ex18       (4.166) 
 Air motors A  
The mass balance for the air motors A can be written as follows: 
ṁ8 = ṁ12          (4.168) 
The energy balance for the air motors A can be written as follows:  
ṁ8h8 = ṁ12h12 + Ẇ𝐴𝑀𝐴2         (4.169) 
The entropy balance for the air motors A can be written as follows:  
ṁ8s8 + Ṡgen,AMA2 = ṁ12s12        (4.170) 
The exergy balance for the air motors A can be written as follows:  
ṁ8ex8 = ṁ12ex12 + ẆAMA2 + Eẋd,AMA2       (4.171) 
 Air motors B  
The mass balance for the air motors B can be written as follows: 
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ṁ9 = ṁ13          (4.172) 
The energy balance for the air motors B can be written as follows:  
ṁ9h9 = ṁ13h13 + Ẇ𝐴𝑀𝐵2         (4.173) 
The entropy balance for the air motors B can be written as follows:  
ṁ9s9 + Ṡgen,AMB2 = ṁ13s13        (4.174) 
The exergy balance for the air motors B can be written as follows:  
ṁ9ex9 = ṁ13ex13 + ẆAMB2 + Eẋd,AMB2       (4.175) 
 Air motor C  
The mass balance for the air motors C can be written as follows: 
ṁ10 = ṁ14          (4.176) 
The energy balance for the air motors C can be written as follows:  
ṁ10h10 = ṁ14h14 + Ẇ𝐴𝑀𝐶2         (4.177) 
The entropy balance for the air motors C can be written as follows:  
ṁ10s10 + Ṡgen,AMC2 = ṁ14s14       (4.178) 
The exergy balance for the air motors C can be written as follows:  
ṁ10ex10 = ṁ14ex14 + ẆAMC2 + Eẋd,AMC2       (4.179) 
 Air motor D  
The mass balance for the air motors D can be written as follows: 
ṁ11 = ṁ15          (4.180) 
The energy balance for the air motors D can be written as follows:  
ṁ11h11 = ṁ15h15 + Ẇ𝐴𝑀𝐷2         (4.181) 
The entropy balance for the air motors D can be written as follows:  
ṁ11s11 + Ṡgen,AMD2 = ṁ15s15       (4.182) 
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The exergy balance for the air motors D can be written as follows:  
ṁ11ex11 = ṁ15ex15 + ẆAMD2 + Eẋd,AMD2       (4.183) 
 Turbine A 
The mass balance for the turbine A can be written as follows: 
ṁ18 = ṁ19          (4.184) 
The energy balance for the turbine A can be written as follows:  
ṁ18h18 = ṁ19h19 + ẆTA2        (4.185) 
The entropy balance for the turbine A can be written as follows:  
ṁ18s18 + Ṡgen,TA2 = ṁ19s19        (4.186) 
The exergy balance for the turbine A can be written as follows:  
ṁ18ex18 = ṁ19ex19 + ẆTA2 + Eẋd,TA2      (4.187) 
 Turbine B 
The mass balance for the turbine C can be written as follows: 
ṁ25 = ṁ26          (4.188) 
The energy balance for the turbine C can be written as follows:  
ṁ25h25 = ṁ26h26 + ẆTC2        (4.189) 
The entropy balance for the turbine C can be written as follows:  
ṁ25s25 + Ṡgen,TC2 = ṁ26s26        (4.190) 
The exergy balance for the turbine C can be written as follows:  
ṁ25ex25 = ṁ26ex26 + ẆTC2 + Eẋd,TC2      (4.191) 
 Cabin heating and cooling  
The mass balance equation for the cabin heating and cooling can be written as 
ṁ17 = ṁ16          (4.192) 
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The energy balance equation for the cabin heating and cooling can be written as 
ṁ16h16 = ṁ17h17+Q̇in,CHC2        (4.193) 
The entropy balance equation for the cabin heating and cooling can be written as 
ṁ16s16 + Ṡgen,CHC2 = ṁ17s17       (4.194) 
The exergy balance equation for the cabin heating and cooling can be written as 
ṁ16ex16 = ṁ17ex17 + Eẋd,CHC2+Q̇in,CHC2 (1 −
T0
T
)            (4.195) 
 Compressor A  
The mass balance equation for the compressor A can be written as follows: 
ṁ28 = ṁ27          (4.196) 
The energy balance equation for the compressor A can be written as follows: 
ṁ27h27 + ẆCA2 = ṁ28h28        (4.197) 
The entropy balance equation for the compressor A can be written as follows: 
ṁ27s27 + Ṡgen,CA2 = ṁ28s28         (4.198) 
The exergy balance equation for the compressor A can be written as follows: 
ṁ27ex27 + ẆCA2 = ṁ28ex28 + Eẋd,CA2       (4.199) 
 Compressor B  
The mass balance equation for the compressor B can be written as follows: 
ṁ20 = ṁ21            (4.200) 
The energy balance equation for the compressor B can be written as follows: 
ṁ20h20 + ẆCB2 = ṁ21h21        (4.201) 
The entropy balance equation for the compressor B can be written as follows: 
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ṁ20s20 + Ṡgen,CB2 = ṁ21s21         (4.202) 
The exergy balance equation for the compressor B can be written as follows: 
ṁ20ex20 + ẆCB2 = ṁ21ex21 + Eẋd,CB2       (4.203) 
 3 way valve A 
For 3 Way Valve A, we can write the following mass balance equation: 
ṁ5 = ṁ6 + ṁ24         (4.204) 
The energy balance equation for the 3 Way Valve A can be written as 
ṁ5h5 = ṁ6h6 + ṁ24h24        (4.205) 
The entropy balance equation for the 3 Way Valve A can be written as 
ṁ5s5 + Ṡgen,WVA2 = ṁ6s6 + ṁ24s24      (4.206) 
The exergy balance equation for the 3 Way Valve A can be written as 
ṁ5ex5 = ṁ6ex6 + ṁ24ex24 + Eẋd,WVA2      (4.207) 
 3 way valve B 
For 3 Way Valve B, we can write the following mass balance equation: 
ṁ4 = ṁ5 + ṁ20         (4.208) 
The energy balance equation for the 3 Way Valve B can be written as 
ṁ4h4 = ṁ5h5 + ṁ20h20        (4.209) 
The entropy balance equation for the 3 Way Valve B can be written as 
ṁ4s4 + Ṡgen,WVB2 = ṁ5s5 + ṁ20s20      (4.210) 
The exergy balance equation for the 3 Way Valve B can be written as 
ṁ4ex4 = ṁ5ex5 + ṁ20ex20 + Eẋd,WVB2      (4.211) 
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 3 way valve C 
For 3 Way Valve C, we can write the following mass balance equation: 
ṁ2 = ṁ1 + ṁ23         (4.212) 
The energy balance equation for the 3 Way Valve C can be written as 
ṁ2h2 = ṁ1h1 + ṁ23h23        (4.213) 
The entropy balance equation for the 3 Way Valve C can be written as 
ṁ2s2 + Ṡgen,WVC2 = ṁ1s1 + ṁ23s23      (4.214) 
The exergy balance equation for the 3 Way Valve A can be written as 
ṁ2ex2 = ṁ1ex1 + ṁ23ex23 + Eẋd,WVC2      (4.215) 
 3 way valve D 
For 3 Way Valve D, one can write the following mass balance equation: 
ṁ23 = ṁ22 + ṁ29         (4.216) 
The energy balance equation for the 3 Way Valve D can be written as 
ṁ23h23 = ṁ22h22 + ṁ29h29        (4.217) 
The entropy balance equation for the 3 Way Valve D can be written as 
ṁ23s23 + Ṡgen,WVD2 = ṁ22s22 + ṁ29s29      (4.218) 
The exergy balance equation for the 3 Way Valve D can be written as 
ṁ23ex23 = ṁ22ex22 + ṁ29ex29 + Eẋd,WVD2     (4.219) 
 Regulator 
For regulator, one can write the following mass balance equation: 
ṁ4 = ṁ3          (4.220) 
The energy balance equation for the regulator can be written as 
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ṁ4h4 = ṁ3h3          (4.221) 
The entropy balance equation for the regulator can be written as 
ṁ4s4 + Ṡgen,Reg2 = ṁ3s3        (4.222) 
The exergy balance equation for the regulator can be written as 
ṁ4ex4 = ṁ3ex3 + Eẋd,Reg2        (4.223) 
 Five way valve A 
For Five Way Valve A, one can write the following mass balance equation: 
ṁ16 = ṁ12 + ṁ15 + ṁ13 + ṁ14       (4.224) 
The energy balance equation for the Five Way Valve A can be written as 
ṁ16h16 = ṁ12h12 + ṁ15h15 + ṁ13h13 + ṁ14h14     (4.225) 
The entropy balance equation for the Five Way Valve A can be written as 
ṁ16s16 + Ṡgen,FWA = ṁ12s12 + ṁ15s15 + ṁ13s13 + ṁ14s14   (4.226) 
The exergy balance equation for the Five Way Valve A can be written as 
ṁ16ex16 = ṁ12ex12 + ṁ15ex15 + ṁ13ex13 + ṁ14ex14 + Eẋd,FWA  (4.227) 
 Five way valve B 
For Five Way Valve B, one can write the following mass balance equation: 
ṁ7 = ṁ8 + ṁ9 + ṁ10 + ṁ11       (4.228) 
The energy balance equation for the Five Way Valve B can be written as 
ṁ7h7 = ṁ8h8 + ṁ9h9 + ṁ10h10 + ṁ11h11      (4.229) 
The entropy balance equation for the Five Way Valve B can be written as 
ṁ7s7 + Ṡgen,FWB = ṁ8s8 + ṁ9s9 + ṁ10s10 + ṁ11s11    (4.230) 
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The exergy balance equation for the Five Way Valve B can be written as 
ṁ7ex7 = ṁ8ex8 + ṁ9ex9 + ṁ10ex10 + ṁ11ex11 + Eẋd,FWB   (4.231) 
 Low pressure tank 
The mass balance equation for the low pressure tank can be written as 
ṁ26 = ṁ27          (4.232) 
The energy balance equation for the low pressure tank can be written as 
ṁ26h26 = ṁ27h27         (4.233) 
The entropy balance equation for the low pressure tank can be written as 
ṁ26s26 + Ṡgen,LPT = ṁ27s27        (4.234) 
The exergy balance equation for the low pressure tank can be written as 
ṁ26ex26 = ṁ27ex27 + Eẋd,LPT       (4.235) 
 
4.2.2.2 Energy and exergy efficiencies of System 2 
The energy efficiency can be defined for the systems considered here as the ratio of useful 
energy output to the total energy input. In this, the energy efficiencies for the air motors A, 
B, C and D, turbine A, turbine B, heat storage, cabin cooling unit, compressor A and B and 
overall system are defined and evaluated.  
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The energy efficiency of the overall system (Figure. 3.2) can be written as follows: 
ηen,OV=
?̇?𝐴𝑀𝐴2 +?̇?𝐴𝑀𝐵2 +Ẇ𝐴𝑀𝐷2 +ẆTA2+ẆTB2+Ẇ𝐴𝑀𝐶2 
ṁ3h3+Ẇin,battery2+Ẇ𝐶𝐴2 +Ẇ𝐶𝐵2 +Q̇in,CHC2
     (4.246) 
The exergy efficiency is defined here as the ratio of useful exergy output to the total exergy 
input. Exergy efficiencies for the air motors A and B, air motors C and D, turbine A, turbine 
B, heat exchanger, heat storage, cabin heating and cooling unit, compressor A and B, 
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4.2.3 Analyses of hybrid electric and compressed air powertrain car 3 
4.2.3.1 Balance equations of System 3 
The balance equations for mass, energy, entropy and exergy are written for the components 
in system 3 as follows:  
 Heat storage(PCM) unit 
The mass balance equation for the heating storage can be written as: 
ṁ6 = ṁ7          (4.258) 
ṁ26 = ṁ27           (4.259) 
ṁ20 = ṁ21          (4.260) 
ṁ25 = ṁ29           (4.261) 
ṁ35 = ṁ30          (4.262) 
The energy balance equation for the heating storage can be written as 
 Charging 









+ ṁ29h29  











      (4.264) 
 Discharging  










ṁ27h27 + ṁ21h21         (4.265) 




ṁ25s25 + ṁ35s35 + mPCM3
Si3c
Δt𝑐3






+ ṁ29s29  











      (4.267) 
 Discharging  










ṁ27s27 + ṁ21s21         (4.268) 
The exergy balance equation for the heating storage can be written as 
 Charging 

































   (4.270) 
 Discharging  













ṁ7ex7 + ṁ27ex27 + ṁ21ex21       (4.271) 
 Air motors A  
The mass balance for the air motors A can be written as follows: 
ṁ8 = ṁ12          (4.272) 
The energy balance for the air motors A can be written as follows:  
ṁ8h8 = ṁ12h12 + Ẇ𝐴𝑀𝐴3         (4.273) 
The entropy balance for the air motors A can be written as follows:  
ṁ8s8 + Ṡgen,AMA3 = ṁ12s12        (4.274) 
The exergy balance for the air motors A can be written as follows:  
ṁ8ex8 = ṁ12ex12 + ẆAMA3 + Eẋd,AMA3       (4.275) 
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 Air motors B  
The mass balance for the air motors B can be written as follows: 
ṁ9 = ṁ13          (4.276) 
The energy balance for the air motors B can be written as follows:  
ṁ9h9 = ṁ13h13 + Ẇ𝐴𝑀𝐵3         (4.277) 
The entropy balance for the air motors B can be written as follows:  
ṁ9s9 + Ṡgen,AMB3 = ṁ13s13        (4.278) 
The exergy balance for the air motors B can be written as follows:  
ṁ9ex9 = ṁ13ex13 + ẆAMB3 + Eẋd,AMB3       (4.279) 
 Air motor C  
The mass balance for the air motors C can be written as follows: 
ṁ10 = ṁ14          (4.280) 
The energy balance for the air motors C can be written as follows:  
ṁ10h10 = ṁ14h14 + Ẇ𝐴𝑀𝐶3         (4.281) 
The entropy balance for the air motors C can be written as follows:  
ṁ10s10 + Ṡgen,AMC3 = ṁ14s14       (4.282) 
The exergy balance for the air motors C can be written as follows:  
ṁ10ex10 = ṁ14ex14 + ẆAMC3 + Eẋd,AMC3       (4.283) 
 Air motor D  
The mass balance for the air motors D can be written as follows: 
ṁ11 = ṁ15          (4.284) 
The energy balance for the air motors D can be written as follows:  
ṁ11h11 = ṁ15h15 + Ẇ𝐴𝑀𝐷3         (4.285) 
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The entropy balance for the air motors D can be written as follows:  
ṁ11s11 + Ṡgen,AMD3 = ṁ15s15       (4.286) 
The exergy balance for the air motors D can be written as follows:  
ṁ11ex11 = ṁ15ex15 + ẆAMD3 + Eẋd,AMD3       (4.287) 
 Electric motor A  
The mass balance equation for the Electric Motor A can be written as 
ṁ8 = ṁ12          (4.288) 
The energy balance equation for the Electric Motor A can be written as 
ṁ8h8 + Q̇in,EMA = ṁ12h12        (4.289) 




+ Ṡgen,EMA = ṁ12s12      (4.290) 
The exergy balance equation for the Electric Motor A can be written as 
ṁ8ex8 + Q̇in,EMA (1 −
T0
T
) = ṁ12ex12 + Eẋd,EMA     (4.291) 
 Electric motors B  
The mass balance equation for the Electric Motor B can be written as 
ṁ9 = ṁ13          (4.292) 
The energy balance equation for the Electric Motor B can be written as 
ṁ9h9 + Q̇in,EMB = ṁ13h13        (4.293) 




+ Ṡgen,EMB = ṁ13s13       (4.294) 
The exergy balance equation for the Electric Motor B can be written as 
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ṁ9ex9 + Q̇in,EMB (1 −
T0
T
) = ṁ13ex13 + Eẋd,EMB     (4.295) 
 Electric motor C  
The mass balance equation for the Electric Motor C can be written as 
ṁ10 = ṁ14          (4.296) 
The energy balance equation for the Electric Motor C can be written as 
ṁ10h10 + Q̇in,EMC = ṁ14h14        (4.297) 




+ Ṡgen,EMC = ṁ14s14      (4.298) 
The exergy balance equation for the Electric Motor C can be written as 
ṁ10ex10 + Q̇in,EMC (1 −
T0
T
) = ṁ14ex14 + Eẋd,EMC     (4.299) 
 Electric motor D  
The mass balance equation for the Electric Motor D can be written as 
ṁ11 = ṁ15          (4.300) 
The energy balance equation for the Electric Motor D can be written as 
ṁ11h11 + Q̇in,EMD = ṁ15h15        (4.301) 




+ Ṡgen,EMD = ṁ15s15      (4.302) 
The exergy balance equation for the Electric Motor D can be written as 
ṁ11ex11 + Q̇in,EMA (1 −
T0
T
) = ṁ15ex15 + Eẋd,EMA     (4.303) 
 Turbine A 
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The mass balance for the turbine A can be written as follows: 
ṁ21 = ṁ22          (4.304) 
The energy balance for the turbine A can be written as follows:  
ṁ21h21 = ṁ22h22 + ẆTA3        (4.305) 
The entropy balance for the turbine A can be written as follows:  
ṁ21s21 + Ṡgen,TA3 = ṁ22s22        (4.306) 
The exergy balance for the turbine A can be written as follows:  
ṁ21ex21 = ṁ22ex22 + ẆTA3 + Eẋd,TA3      (4.307) 
 Turbine B 
The mass balance for the turbine C can be written as follows: 
ṁ27 = ṁ28          (4.308) 
The energy balance for the turbine C can be written as follows:  
ṁ27h27 = ṁ28h28 + ẆTC3        (4.309) 
The entropy balance for the turbine C can be written as follows:  
ṁ27s27 + Ṡgen,TC3 = ṁ28s28        (4.310) 
The exergy balance for the turbine C can be written as follows:  
ṁ27ex27 = ṁ28ex28 + ẆTC3 + Eẋd,TC3      (4.311) 
 Cabin heating and cooling  
The mass balance equation for the cabin heating and cooling can be written as 
ṁ22 = ṁ23          (4.312) 
The energy balance equation for the cabin heating and cooling can be written as 
ṁ22h22 = ṁ23h23+Q̇in,CHC3        (4.313) 
The entropy balance equation for the cabin heating and cooling can be written as 
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ṁ22s22 + Ṡgen,CHC3 = ṁ23s23       (4.314) 
The exergy balance equation for the cabin heating and cooling can be written as 
ṁ22ex22 = ṁ23ex23 + Eẋd,CHC3+Q̇in,CHC3 (1 −
T0
T
)            (4.315) 
 Compressor A  
The mass balance equation for the compressor A can be written as follows: 
ṁ34a = ṁ34b          (4.316) 
The energy balance equation for the compressor A can be written as follows: 
ṁ34ah34a + ẆCA3 = ṁ34bh34b       (4.317) 
The entropy balance equation for the compressor A can be written as follows: 
ṁ34as34a + Ṡgen,CA3 = ṁ34bs34b        (4.318) 
The exergy balance equation for the compressor A can be written as follows: 
ṁ34aex34a + ẆCA3 = ṁ34bex34b + Eẋd,CA3       (4.319) 
 Compressor B  
The mass balance equation for the compressor B can be written as follows: 
ṁ35a = ṁ35b          (4.320) 
The energy balance equation for the compressor B can be written as follows: 
ṁ35ah35a + ẆCB3 = ṁ35bh35b       (4.321) 
The entropy balance equation for the compressor B can be written as follows: 
ṁ35as35a + Ṡgen,CB3 = ṁ35bs35b        (4.322) 
The exergy balance equation for the compressor B can be written as follows: 
ṁ35aex35a + ẆCB3 = ṁ35bex35b + Eẋd,CB3       (4.323) 
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 3 way valve A 
For 3 Way Valve A, we can write the following mass balance equation: 
ṁ5 = ṁ6 + ṁ26         (4.324) 
The energy balance equation for the 3 Way Valve A can be written as 
ṁ5h5 = ṁ6h6 + ṁ26h26        (4.325) 
The entropy balance equation for the 3 Way Valve A can be written as 
ṁ5s5 + Ṡgen,WVA3 = ṁ6s6 + ṁ26s26      (4.326) 
The exergy balance equation for the 3 Way Valve A can be written as 
ṁ5ex5 = ṁ6ex6 + ṁ26ex26 + Eẋd,WVA3      (4.327) 
 3 way valve B 
For 3 Way Valve B, we can write the following mass balance equation: 
ṁ4 = ṁ5 + ṁ24         (4.328) 
The energy balance equation for the 3 Way Valve B can be written as 
ṁ4h4 = ṁ5h5 + ṁ24h24        (4.329) 
The entropy balance equation for the 3 Way Valve B can be written as 
ṁ4s4 + Ṡgen,WVB3 = ṁ5s5 + ṁ24s24      (4.330) 
The exergy balance equation for the 3 Way Valve B can be written as 
ṁ4ex4 = ṁ5ex5 + ṁ24ex24 + Eẋd,WVB3      (4.331) 
 3 way valve C 
For 3 Way Valve C, we can write the following mass balance equation: 
ṁ2 = ṁ1 + ṁ29         (4.332) 
The energy balance equation for the 3 Way Valve C can be written as 
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ṁ2h2 = ṁ1h1 + ṁ29h29        (4.333) 
The entropy balance equation for the 3 Way Valve C can be written as 
ṁ2s2 + Ṡgen,WVC3 = ṁ1s1 + ṁ29s29       (4.334) 
The exergy balance equation for the 3 Way Valve C can be written as 
ṁ2ex2 = ṁ1ex1 + ṁ29ex29 + Eẋd,WVC3      (4.335) 
 3 way valve D 
For 3 Way Valve D, we can write the following mass balance equation: 
ṁ31 = ṁ32 + ṁ34         (4.336) 
The energy balance equation for the 3 Way Valve D can be written as 
ṁ31h31 = ṁ32h32 + ṁ34h34        (4.337) 
The entropy balance equation for the 3 Way Valve D can be written as 
ṁ31s31 + Ṡgen,WVD3 = ṁ32s32 + ṁ34s34      (4.338) 
The exergy balance equation for the 3 Way Valve D can be written as 
ṁ31ex31 = ṁ32ex32 + ṁ34ex34 + Eẋd,WVD3     (4.339) 
 Regulator 
For regulator, we can write the following mass balance equation: 
ṁ4 = ṁ3          (4.340) 
The energy balance equation for the regulator can be written as 
ṁ4h4 = ṁ3h3          (4.341) 
The entropy balance equation for the regulator can be written as 
ṁ4s4 + Ṡgen,Reg2 = ṁ3s3        (4.342) 
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The exergy balance equation for the regulator can be written as 
ṁ4ex4 = ṁ3ex3 + Eẋd,Reg2        (4.343) 
 Five way valve A 
For Five Way Valve A, we can write the following mass balance equation: 
ṁ7 = ṁ8 + ṁ9 + ṁ10 + ṁ11       (4.344) 
The energy balance equation for the Five Way Valve A can be written as 
ṁ7h7 = ṁ8h8 + ṁ9h9 + ṁ10h10 + ṁ11h11      (4.345) 
The entropy balance equation for the Five Way Valve A can be written as 
ṁ7s7 + Ṡgen,FWA3 = ṁ8s8 + ṁ9s9 + ṁ10s10 + ṁ11s11    (4.346) 
The exergy balance equation for the Five Way Valve A can be written as 
ṁ7ex7 = ṁ8ex8 + ṁ9ex9 + ṁ10ex10 + ṁ11ex11 + Eẋd,FWA3   (4.347) 
 Five way valve B 
For Five Way Valve B, we can write the following mass balance equation: 
ṁ20 = ṁ18 + ṁ19 + ṁ16 + ṁ17       (4.348) 
The energy balance equation for the Five Way Valve B can be written as 
ṁ20h20 = ṁ18h18 + ṁ19h19 + ṁ16h16 + ṁ17h17     (4.349) 
The entropy balance equation for the Five Way Valve B can be written as 
ṁ20s20 + Ṡgen,FWB3 = ṁ18s18 + ṁ19s19 + ṁ16s16 + ṁ17s17   (4.350) 
The exergy balance equation for the Five Way Valve B can be written as 
ṁ20ex20 = ṁ18ex18 + ṁ19ex19 + ṁ16ex16 + ṁ17ex17 + Eẋd,FWB3  (4.351) 
 Low pressure tank 
The mass balance equation for the low pressure tank can be written as 
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ṁ30 = ṁ31          (4.352) 
The energy balance equation for the low pressure tank can be written as 
ṁ30h30 = ṁ31h31         (4.353) 
The entropy balance equation for the low pressure tank can be written as 
ṁ30s30 + Ṡgen,LPT3 = ṁ31s31       (4.354) 
The exergy balance equation for the low pressure tank can be written as 
ṁ30ex30 = ṁ31ex31 + Eẋd,LPT3       (4.355) 
 
4.2.3.2 Energy and exergy efficiencies of System 3 
The energy efficiency can be defined for the systems considered here as the ratio of useful 
energy output to the total energy input. In this, the energy efficiencies for the air motors A, 
B, C and D, turbine A, turbine B, heat storage, cabin cooling unit, compressor A and B and 
overall system are defined and evaluated.  
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The energy efficiency of the overall system (Figure. 3.3) can be written as follows: 
ηen,OV3=
?̇?𝐴𝑀𝐴3 +?̇?𝐴𝑀𝐵3 +Ẇ𝐴𝑀𝐷3 +ẆTA3+ẆTB3+Ẇ𝐴𝑀𝐶3 
ṁ3h3+Ẇin,battery3+Ẇ𝐶𝐴3 +Ẇ𝐶𝐵3 +Q̇in,CHC3
     (4.249) 
The exergy efficiency is defined here as the ratio of useful exergy output to the total exergy 
input. Exergy efficiencies for the air motors A and B, air motors C and D, turbine A, turbine 
B, heat exchanger, heat storage, cabin heating and cooling unit, compressor A and B, 
compressor C and overall system are defined and evaluated.  
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The exergy efficiency of the overall system (Figure. 3.3) can be written as follows: 
ηex,ov3=









Chapter 5: Results and Discussion 
In this section, thermodynamic analysis results of compressed air application in passenger 
cars are presented from energy and exergy perspectives. The results for the hybrid electric 
and compressed air powertrain cars are compared with two other options namely, open-
type system pneumatic-only car and closed-type system pneumatic-only car. All three 
kinds of vehicles’ energy needs are supplied with compressed air which is stored on-board 
and converted to movement by expansion on air motor. The systems that meet the different 
energy requirement of the cars are shown in Figures. 3.1 through 3.3. 
 
Energy and exergy analyses are also conducted to evaluate the overall performance 
of systems for each case, and the effects of various parameters on the energy and exergy 
efficiencies are examined. Some dimensionless parameters to analyse the systems have 
also been evaluated. Technical limits of on-board mechanical energy generation in cars 
using electricity and compressed air as the primary sources are analysed in three scenarios: 
 Hybrid electric and compressed air powertrain car (i): in this case, electricity is used to 
charge the vehicle battery which drives the electric motor of the vehicle compressed air 
also drives air motors. 
 Open-type system pneumatic-only car (ii) and closed-type system pneumatic-only car 
(iii): in these cases, electricity is utilised to charge battery and regenerative braking 
system with extra compressed air either from low pressure tank to high pressure tank 
or from outside air to storage tank, the compressed air energy is used to propel the 
vehicle through compressed air motors. 
 
5.1 Results of pneumatic only car, open type System 1 
5.1.1 Energy and exergy analysis results of System 1 
The exergy and energy efficiencies of the major components of System 1 are calculated 
and shown in Figure 5.1. Maximum efficiencies are observed in the air motors A and B, 
followed by the air motors C and D and the third highest efficiency occurs in the turbine 
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A. To improve the performance of the overall system, efforts need to be made to increase 
efficiency in the dehumidifiers.  
 




The effect of ambient temperature on the overall energy and exergy efficiencies of 
System 1 is shown in Figure 5.2. As the ambient temperature increases from 5°C to 35°C, 
the overall energy efficiency of System 1 does not change while the overall exergy 
efficiency increases from 40% to 43%. The increase in ambient temperature increases the 
exergetic output of the system and the hot air resulting in the constant amount in overall 
exergy efficiency of System 1. The exergy destruction rate for the major components of 
System 1 are calculated and shown in Table 5.1. 
 
Table 5.1: Energy and exergy efficiencies of System 1 components. 
Components Energy efficiency (%) Exergy efficiency (%) 
Air motors A and B 75.4 63.3 
Air motors C and D 65.2 52.8 
Turbine A 58.1 50.9 
Turbine B 34.2 22.4 
Heat exchanger 53.7 32.8 
Heat storage 51.4 38.9 
Cabin heating and cooling unit 43.1 29.5 
Compressor A and B 49.3 45.2 
Compressor C 32.2 21.8 
Dehumidifier A 30.9 25.1 
Dehumidifier B 31.8 27.7 
 
As it is shown in Table 5.2, energetic and exergetic renewability ratios of System 1 are 
assessed to be 63.0% and 45.0%, respectively. Table 5.1 provides the energy and exergy 
efficiencies of various components in System 1. 
 
Table 5.2: Overall exergy and energy efficiencies of System 1 at sea level. 
Parameter Value 
ηen, System 1 63% 







Figure 5.2: Effect of ambient temperature on the overall energy and exergy efficiencies of 
System 1. 
 
Figure 5.3 shows the effect of pressure ratio of the air motors on the overall energy 
and exergy efficiencies of System 1. Overall energy efficiency is not affected by the change 
in pressure ratio. However, as the pressure ratio increases, overall exergy efficiencies first 
increases then decreases after reaching the pressure ratio of 3.  
Compositions and properties of state points of pneumatic car-open system (System 
1) is shown in Table 5.3. Proposed system has 34 state points and uses all compressed air 
energy at the end of process. State points 0-18, 21-27, and 29-34 contain dry air, state point 
19 consists of moist air, and water is the only component in state points 20 and 28. Highest 



















[0] Dry air 101 298 298.3 6.861 
[1] Dry air 68948 298 259.6 4.787 
[2] Dry air 35508 298 253.4 5.018 
[3] Dry air 2068 259.3 253.4 5.835 
[4] Dry air 2068 259.3 253.4 5.835 
[5] Dry air 2138 259.3 253.2 5.825 
[6] Dry air 2123 369 367.1 6.194 
[7] Dry air 2068 367 365.1 6.196 
[8] Dry air 2068 367 365.1 6.196 
[9] Dry air 551 271 269.9 6.274 
[10] Dry air 551 271 269.9 6.274 
[11] Dry air 550 308 306.3 6.397 
[12] Dry air 500 308 306.3 6.397 
[13] Dry air 535 272 238.2 4.347 
[14] Dry air 535 272 238.2 4.347 
[15] Dry air 535 272 238.2 4.347 
[16] Dry air 510 367 327.5 5.857 
[17] Dry air 124 262 274.1 6.601 
[18] Dry air 101 298 298.3 6.861 
[19] Moist air 101 298 37.37 6.861 
[20] Water 101 287 58.2 0.2075 
[21] Dry air 101 299 299.3 6.864 
[22] Dry air 101 299 299.3 6.864 
[23] Dry air 2123 369 367.1 6.194 
[24] Dry air 2123 369 367.1 6.194 
[25] Dry air 2123 369 367.1 6.194 
[26] Dry air 2138 259.3 253.2 5.825 
[27] Dry air 2138 259.3 253.2 5.825 
[28] Water 101 287 58.2 0.2075 
[29] Dry air 2068 259.3 253.4 5.835 
[30] Dry air 2068 259.3 253.4 5.835 
[31] Dry air 35508 369 367.1 6.194 
[32] Dry air 2123 369 367.1 6.194 
[33] Dry air 551 271 269.9 6.274 






Figure 5.3: Effect of pressure ratio of the air motors on the overall energy and exergy 
efficiencies of System 1. 
 
Figure 5.4 shows the effect of air motors inlet pressure (P7 and P8) on the overall 
energy and exergy efficiencies of System 1, at 2200 kPa (or 320 psi), exergy efficiency 
reaches a maximum of 45% and energy efficiency is 63%. However, based on pressure 
ratio, with increasing pressure, efficacies decrease slightly.   
 
Furthermore, Table 5.4 shows important parameters’ simulated responses. As it 
shown in Table 5.4, compressed air consumption from 0 to 100 km/h in 30 s is 2.561 kg 
and from 0 to 100 km/h in 10 s is 3.693 kg. In cruise driving mode with a full tank of 
compressed air, the simulated car can travel 1up to 98 km. At a compressed air station the 






Figure 5.4: Effect air motors inlet pressure (P7 and P8) on the overall energy and exergy 
efficiencies of System 1. 
 
Table 5.4: Results of the selected parameter values of System 1. 
Parameter Value 
Compressed air consumption (kg per acceleration from 0 to 100 km/h in 30 s) 2.561 kg 
Compressed air consumption (kg per acceleration from 0 to 100 km/h in 10 s) 3.693 kg  
Driving range (km) with cruise @100 km/h per full tank (250 L) 198 km 
Phase change material storage heat use/give  0.76 kW 
Compressed air tank volume  250 l 
Vehicle weight  750 kg 
Tank refill time  3.8 min  
 
In Table 5.5, the proposed car is compared with pneumatic cars in market which are 
produced by MDI Company. As it is shown, driving range of air only proposed system, 








air market car 
1 
 Compressed 
air market car 
2 
 Compressed 
air market car 
3 
Vehicle cost ($) 8,000 8,000 25,000 18,000 
Weight (kg) 750 380 800 550 
Maximum power 
(kW) 
24.4 14 25 14 
Top speed (km/h) 120 98 131 110 
Driving range (km) 
full tank fuel. 
198 km 135 km 165 km 127 km 
Time required to fill 
tank in station 
(minutes) 
3.8 2 4 2 
Charge on electric 
plug (h) 
4 3 6 3 
Cost to refill vehicle 
($/km) 
0.032  0.028 0.038 0.028 
Acceleration time, 0-
100 km/h (sec) 
10 10.2 7.4 5.5 
Efficiency (%) 63 43 60 60 
Number of passengers 5 5 6 3 
Source: MDI (2015) 
 
5.1.2 Regenerative breaking and in home charging system results 
The mechanical energy spent to compress an ideal gas in a number of stages with cooling 
is reported in Figure 5.5. Calculations are carried out by assuming air as ideal gas. The 
work is given as work ratio with respect to isothermal compression. It can be observed that 
if the compression is done in 3 stages, the mechanical work approaches the isothermal 
minimum being superior to it with less than 25% for tank pressures up to 10000 psi. This 





Figure 5.5: Work ratio with respect to isothermal compression in stages for ideal gas. 
 
A further analysis consists of the assessment of the influence of work recovery during 
multi-stage compression. These results are presented in Figure 5.5 which shows the 
improvement in work ratio WRT when work recovery is applied. According to these results, 
the improvement of the work ratio is most sensible for single stage compression. Recall 
that the compression process for each stage has been assumed isentropic. It can be observed 
that the improvement in work ratio, by applying work recovery at three stage compression, 
is much lower than the corresponding improvement for single stage, but still important. 
The work ratio at 10000 kPa will increase from about 70% up to close to 90%. 
 
Figure 5.6 details the improvement brought by work recovery application. It can be 
concluded that designs with 3-stage compression coupled with a heat exchanger for heat 
recovery and heat-to-work conversion. More thorough simulation of the compression 
station are presented in the result section of this report including three stages compression 
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and the corresponding estimated result for using heat engines for work recovery at 
compression station.  
 
 
Figure 5.6: Improvement in work ratio when work recovery is applied at compression 
stages. 
 
5.2 Results of pneumatic only car, closed type System 2 
5.2.1 Energy and exergy analyses results of System 2 
The exergy and energy efficiencies for the major components of System 2 are determined 
and shown in Figure 5.7. The maximum efficiencies are in the air motors A, B, C and D 
the next highest takes place in the turbine A and the third highest efficiency occurs in the 
compressor A. To improve the performance of the overall system, efforts need to be made 
to increase efficiency turbine B because after use of compressed air in turbine B air directly 






Figure 5.7: Energy and exergy efficiencies of selected units of System 2. 
 
 
Table 5.6: Overall exergy and energy efficiencies of System 2 at sea level. 
Parameter Value 
ηen, System 2 68% 







Table 5.7: Energy and exergy efficiencies of System 2 components. 
Components Energy efficiency (%) Exergy efficiency (%) 
Air motors A, B, C and D 70.1 58.2 
Turbine A 52.7 46.5 
Turbine B 32.3 20.1 
Heat exchanger/storage 47.5 30.6 
Cabin cooling unit 41.6 32.2 
Compressor A  48.1 40.4 
Compressor B 31.6 26.2 
 
As it is given in Table 5.6, the energetic and exergetic renewability ratio of System 
2 are found to be 68.0% and 47.0%, respectively and the major components of System 2 
are determined and shown in Table 5.7. The maximum efficiency is in the air motors A, B, 
C, and D the next highest takes place in the turbine A and the third highest efficiency occurs 
in the compressor A. 
 
 





The effect of ambient temperature on overall energy and exergy efficiencies of 
System 2 are shown in Figure 5.8. As the ambient temperature increases from 0°C to 25°C, 
the overall energy efficiency of System 2 does not change while the overall exergy 
efficiency increases from 42% to 47%. The increase in ambient temperature increases the 
exergetic output of system as well as of hot air resulting in the increase in overall exergy 
efficiency of system from 59% to 71%. 
 
 
Figure 5.9: Effect of pressure ratio on the overall energy and exergy efficiencies of 
System 2. 
 
Furthermore in Figure 5.9, the effect of pressure ratio of the air motors on the 
overall energy and exergy efficiencies of System 2 is presented. As the pressure ratio 
increases, both the overall energy and exergy efficiencies first increase then decrease after 
reaching the maximum pressure ratio of around 7. 
Table 5.8 indicates simulation results for system two that shows battery power can 
be 1.1 kW and turbine work out will be 0.95 kW. Each air motor work will be 7.2 kW total 




Table 5.8: Simulation results of System 2. 
Parameter Value 
?̇?𝐼𝑁𝐵𝑎𝑡𝑡𝑒𝑟𝑦  1.1 kW 
 ?̇?𝑜𝑢𝑡𝑡𝑢𝑟𝑏𝑖𝑛𝑒  0.95 kW 
 ?̇?𝑜𝑢𝑡Air motor 7.2 kW 
 ?̇?𝑑𝑟𝑎𝑔cruise  231.5 N 
 ?̇?𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 in 10 sec 2500 N 
 ?̇?𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 in 30 sec 830 N 
 ?̇?𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 in 10 sec 347 kJ 
 
The results suggest that for the assumed conditions, 2200 kPa is good pressure to 
run system’s air motors but as it shown in Figure 5.10, the effect of the air motors inlet 
pressure drop decreases (P8 to P11) the overall energy and exergy efficiencies of System 2. 
 
Figure 5.10: Effect air motors inlet pressure (P8 and P11) on the overall energy and exergy 




A further result consists of the study of state point’s substances and properties of 
pneumatic car-closed system that showed in Table 5.9. The roposed system has 29 state 
points and uses all compressed air energy at the end of process. 
 













[0] Dry air 101 298 298.3 6.861 
[1] Dry air 68948 298 259.6 4.787 
[2] Dry air 68948 298 259.6 4.787 
[3] Dry air 35508 298 253.4 5.018 
[4] Dry air 2068 259.3 253.4 5.835 
[5] Dry air 2068 259.3 253.4 5.835 
[6] Dry air 2138 259.3 253.2 5.825 
[7] Dry air 2123 369 367.1 6.194 
[8] Dry air 2068 367 365.1 6.196 
[9] Dry air 2068 367 365.1 6.196 
[10] Dry air 2068 367 365.1 6.196 
[11] Dry air 2068 367 365.1 6.196 
[12] Dry air 551 271 269.9 6.274 
[13] Dry air 551 271 269.9 6.274 
[14] Dry air 551 271 269.9 6.274 
[15] Dry air 551 271 269.9 6.274 
[16] Dry air 535 271 270.9 6.287 
[17] Dry air 535 298 259.6 4.787 
[18] Dry air 510 308 307.5 6.427 
[19] Dry air 152 286 286.1 6.702 
[20] Dry air 2068 259.3 253.4 5.835 
[21] Dry air 35508 369 367.1 6.194 
[22] Dry air 68948 298 259.6 4.787 
[23] Dry air 68948 298 259.6 4.787 
[24] Dry air 2068 259.3 253.4 5.835 
[25] Dry air 2123 369 367.1 6.194 
[26] Dry air 551 271 269.9 6.274 
[27] Dry air 551 271 269.9 6.274 
[28] Dry air 35508 369 367.1 6.194 
[29] Dry air 68948 298 259.6 4.787 
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Table 5.10 indicates the results of simulation, in which obviously can be seen 
compressed air consumption in 10 second acceleration is 4.125 kg. This accounts to a 30 
second acceleration from 0 to 100 km/h is 3.352 kg. Driving range was calculated with a 
cruise speed of 100 km/h resulting in 202 km range per full tank.  Heat storage needs 1.1kW 
to work properly, and can be provided by the battery or if it is in rest by plugin power 
outlet.   
Table 5.10: Criteria results of simulation for System 2. 
Parameter Value 
Compressed air consumption (kg per acceleration from 0 to 100 km/h in 30 s) 3.352 kg 
Compressed air consumption (kg per acceleration from 0 to 100 km/h in 10 s) 4.125 kg  
Driving range (km) with cruise @100 km/h per full tank (250 L) 202 km 
Phase change material storage heat use/give  1.1 kW 
Compressed air tank volume  350 l 
Vehicle weight  900 kg 
Tank refill time  4.6 min  
 
The system was studied in two seasons, winter and summer, in three different 
regimes, acceleration, cruise and deceleration. The result are given in Table 5.11. The 
highest energy and exergy efficiencies are in summertime in cruise regime and lowest 
energy and exergy efficiencies happening in wintertime in acceleration regime. Highest 
phase change material storage heat use is 264.6 kJ and lowest is 210.1kJ. The compressed 
air consumption is 3.352 kg per acceleration from 0 to 100 km/h in 30 s and system 
regenerate 2.324 kg air from deceleration from 100 to 20 km/h in 20 s. The driving range 





Table 5.11: Three regimes of System 2 in winter and summer time. 
 Acceleration Cruise Deceleration 
Criteria Summer Winter Summer Winter Summer Winter 
Energy efficiency (%) 59 55 68 59 61 60 
Exergy efficiency (%) 39 35 47 38 41 39 
Compressed air 
consumption (kg per 
acceleration from 0 to 
100 km/h in 30 s) or  
Compressed air 
production (kg per 
Deceleration from 100 
to 20 km/h in 20 s) 
3.352 3.352 
Full consumption 
~ 250 kg 
(discharged from 
10,000 psi to 300 
psi) 
-2.324 -2.324 
Driving Range (km) 
with cruise @100 
km/h per full tank 
(350 L) 
N/A 202 190 N/A 
Storage heat use/give 
(kJ) every 30 [s] 
210.1 264.6 210.1 264.6 -104.8 -159.3 
Pressure discharge 
/charge in every 
acceleration (psig) 
295.42 290.58 
From 10,000 psi 




In Table 5.12, the proposed car is compared with pneumatic cars in the market. As it 
shows driving range of air only proposed system, with 202 km and low weight as low as 
900 kg is very higher than the other comparable. The proposed system has lots of advantage 








Table 5.12: Comparison of air only second system with compressed air car 1, 2 and 3.  
Criteria Proposed  
system 2 
 Compressed air 
market car 1  
 Compressed air 
market car 2  
 Compressed air 
market car 3  
Vehicle cost ($) 9,000 8,000 25,000 18,000 
Weight (kg) 900 380 800 550 
Maximum power 
(kW) 
28.8 14 25 14 
Top speed (km/h) 120 98 131 110 
Driving range (km) 
with full tank fuel 
202 135 165 127 
Time required to 
fill tank in station 
(minutes) 
4.6 2 4 2 
Charge on electric 
plug (h) 
5 3  6 3 
Cost to refill 
vehicle ($/km) 
0.032  0.028 0.038 0.028 
Acceleration time: 
0-100 km/h (sec) 
10 10.2 7.4 5.5 
Efficiency (%) 68 43 60 60 
Number of 
passengers 
5 5 6 3 
Source: MDI (2015) 
 
5.2.2 Exergy content of compressed air in a storage tank 
The exergy content of a compressed air in a storage tank is calculated as a first approach 
on the basis of ideal gas assumptions according to the curves presented in Figure 5.11 These 
approximations are only indicative; no practical design of a compressed air vehicle will be 
able to achieve the upper bound thermodynamic values. The curves indicating the driving 
range therefore, give larger values than the expected driving range of actual designs. Thus, 
it is important to determine the technically realizable manner of producing shaft energy 




Figure 5.11: Exergy content and ideal maximum driving range of a vehicle operated with 
compressed ideal gas. 
 
 
Figure 5.12: Volumetric specific exergy of pressurized air and cryogenic air. 
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Regarding the exergy content of compressed gases, more accurate estimations can be 
achieved using advanced equations of state. The Engineering Equation Solver software 
(Klein, 2016) is used in this report to determine the exergy content of compressed air, fluids 
being kept in storage tanks at ambient temperature assumed 25oC. In addition, cryogenic 
air at -195oC was considered. 
 
Figure 5.12 shows the calculated exergy per unit of volume in function of the pressure 
ratio PR. The figure shows an interesting result, namely, at ambient temperature, the exergy 
stored per unit of cryogenic air volume is the higher than the compressed air. This result 
can be better understood if one simultaneously analyses the specific exergy (gravimetric) 
and the density of the respective pressurized gases as indicated in Figure 5.13. 
 
 
Figures 5.13: Specific exergy of pressurized air and cryogenic air. 
 
The results suggests that for the assumed conditions, the driving range with cryogenic 
air is higher than pressurized air. But for cryogenic air, an expansion vessel must be placed 
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on the vehicle to compensate for thermal expansion of the liquid. Comparatively, 
compressed air storage may be found simpler, needing only a tank and a pressure regulator. 
The above results are summarized graphically in Figure 5.14 which shows the specific 
gravimetric exergy on the abscissa and specific volumetric one on the ordinate. In this study 
for better comparing Li-ion battery mentioned in Figure 5.14.  
 
 
Figure 5.14 Specific exergy (gravimetric and volumetric) stored in pressurized air and 
cryogenic air. 
 
5.3 Results of hybrid electric and compressed air powertrain car 
(System 3) 
5.3.1 Energy and exergy analysis results of System 3 
The exergy and energy efficiencies for the major components of System 3 are determined 
and shown in Figure 5.15 The maximum efficiencies are in the electric motors A, B, C, and 
D the next highest takes place in the air motors A, B, C and D the third highest efficiency 
occurs in the turbine A. To improve the performance of the overall system, efforts need to 
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be made to increase efficiency turbine B because after use of compressed air in turbine B 
air directly discharges to outside.  
 
Figure 5.15: Energy and exergy efficiencies of selected units of System 3. 
 
Table 5.13: Overall exergy and energy efficiencies of System 3 at sea level. 
Parameter Value 
ηen, System 3 72% 




Table 5.14 Energy and exergy efficiencies of System 3 components. 
Components Energy efficiency (%) Exergy efficiency (%) 
Air motors A, B, C and D 71.2 59.1 
Turbine A 55.2 47.3 
Turbine B 33.2 22.2 
Heat exchanger/storage 47.2 32.3 
Electric motors A, B, C and D 89.2 85.5 
Cabin cooling unit 40.2 31.3 
Compressor A and B 45.2 39.9 
Compressor C 30.1 24.7 
 
As it is shown in Table 5.13, the energetic and exergetic renewability ratio for System 
3 are found to be 72.0% and 51.0%, respectively, and the major components of System 3 
are determined and shown in Table 5.14 The maximum efficiency is in the electric motors 
A, B, C, and D the next highest takes place in the air motors A, B, C, and D the third highest 
efficiency occurs in the turbine A. 
 
Figure 5.16: Effect of ambient temperature on the overall energy and exergy efficiencies 




The effects of ambient temperature on the overall energy and exergy efficiencies of 
System 3 are shown in Figure 5.16 As the ambient temperature increases from 0°C to 25°C, 
the overall energy efficiency of System 3 does not change while the overall exergy 
efficiency increases from 45% to 51%. The increase in ambient temperature increases the 
exergetic output of system as well as of hot air resulting in the increase in overall exergy 
efficiency of System from 63% to 72%. 
 
Figure 5.17: Effect of pressure ratio on the overall energy and exergy efficiencies of 
System 3. 
 
Furthermore, Figure 5.17 shows the effect of pressure ratio of the air motors on the 
overall energy and exergy efficiencies of System 3. As the pressure ratio increases, both 
the overall energy and exergy efficiencies first increase then decrease after reaching the 
maximum pressure ratio of 7. 
Table 5.15 indicates simulation results for system one that shows supplementary 
battery can be power is 1.39 kW and turbine work out will be 1.45 kW. Each air motor 
work will be 11.2 kW total work by four air motors will be 44.8 kW which is perfect for 
powertrain of mid-size city vehicle. 
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Table 5.15: Simulation results of System 3. 
Parameter Value 
?̇?𝐼𝑁𝑆𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝐵𝑎𝑡𝑡𝑒𝑟𝑦  1.39 kW 
 ?̇?𝑜𝑢𝑡𝑡𝑢𝑟𝑏𝑖𝑛𝑒  1.45 kW 
 ?̇?𝑜𝑢𝑡Air motor 11.2 kW 
 ?̇?𝑑𝑟𝑎𝑔cruise  231.5 N 
 ?̇?𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 in 10 sec 4170 N 
 ?̇?𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 in 30 sec 1390 N 
 ?̇?𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 in 10 sec 579 kJ 
 
The results suggests that for the assumed conditions, 2200 kPa is good pressure to 
run system’s air motors. Effect air motors inlet pressure (P8 to P11) on the overall energy 
and exergy efficiencies of System 3 is shown in Figure 5.18. 
 
Figure 5.18: Effect air motors inlet pressure (P7 and P8) on the overall energy and exergy 
efficiencies of System 3. 
 
A further result consists of the study of state point’s substances and properties of 
pneumatic car-closed system that showed in Table 5.16. The proposed system has 35 state 
points and uses all compressed air energy at the end of process. 
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Table 5.16: Stage point properties of pneumatic only car, closed System 3. 








[0] Dry air 101 298 298.3 6.861 
[1] Dry air 68948 298 259.6 4.787 
[2] Dry air 68948 298 259.6 4.787 
[3] Dry air 35508 298 253.4 5.018 
[4] Dry air 2068 259.3 253.4 5.835 
[5] Dry air 2068 259.3 253.4 5.835 
[6] Dry air 2138 259.3 253.2 5.825 
[7] Dry air 2123 369 367.1 6.194 
[8] Dry air 2068 367 365.1 6.196 
[9] Dry air 2068 367 365.1 6.196 
[10] Dry air 2068 367 365.1 6.196 
[11] Dry air 2068 367 365.1 6.196 
[12] Dry air 551 271 269.9 6.274 
[13] Dry air 551 271 269.9 6.274 
[14] Dry air 551 271 269.9 6.274 
[15] Dry air 551 271 269.9 6.274 
[16] Dry air 535 298 259.6 4.787 
[17] Dry air 535 298 259.6 4.787 
[18] Dry air 535 298 259.6 4.787 
[19] Dry air 535 298 259.6 4.787 
[20] Dry air 535 298 259.6 4.787 
[21] Dry air 535 323 286.8 6.102 
[22] Dry air 152 286 286.1 6.702 
[23] Dry air 152 298 267.2 5.654 
[24] Dry air 2068 259.3 253.4 5.835 
[25] Dry air 35508 369 367.1 6.194 
[26] Dry air 2068 259.3 253.4 5.835 
[27] Dry air 2068 367 365.1 6.196 
[28] Dry air 551 271 269.9 6.274 
[29] Dry air 35508 298 253.4 5.018 
[30] Dry air 35508 298 253.4 5.018 
[31] Dry air 35508 298 253.4 5.018 
[32] Dry air 35508 298 253.4 5.018 
[33] Dry air 35508 298 253.4 5.018 
[34] Dry air 35508 298 253.4 5.018 




Table 5.17 indicates results of simulation which is obviously can be seen compressed 
air consumption in 10 second acceleration is 5.236 kg which is in 30 second acceleration 
from 0 to 100 km/h is 4.213 kg. The driving range calculated in cruise speed of 100 km/h 
that is 385 km per full tank heat storage need 1.6 kW to work properly which can be 
provided by battery or if it is in rest by plugin power outlet. 
 
Table 5.17: Criteria results of simulation for System 3. 
Parameter Value 
Compressed air consumption (kg per acceleration from 0 to 100 km/h in 30 s) 4.213 kg 
Compressed air consumption (kg per acceleration from 0 to 100 km/h in 10 s) 5.236 kg  
Driving Range (km) with cruise @100 km/h per full tank (250 L) 385 km 
Phase change material Storage Heat use/give  1.6 kW 
Compressed Air tank volume   500 l 
Vehicle weight  1500 kg 
Tank refill time  6.4 min  
 
 
Table 5.18 gives a comparison table of proposed hybrid electric pneumatic System 3 
with typical electric vehicle. To compare design systems with different kinds of available 
and comparable vehicles in market, a typical electric vehicle is chosen. 
 
The proposed system has lots of advantage and will be successful in comparative 
market. Proposed hybrid electric pneumatic vehicle in aspect of vehicle cost, driving range, 








Table 5.18: Comparison of proposed hybrid EV-PV third system vehicle with typical 
electric vehicle 
Criteria Proposed hybrid EV-PV 
system 3 
Typical market electric 
vehicle (EV) 
Vehicle cost ($) 22,000 36,000 
Driving range (km) with full 
tank/battery fuel 
385 107 
Time required to fill tank 
(minutes) 
6.4 360 (full charge) 
30 (quick charge) 
Maxi torque (Nm) 145 76 
Top power (kW) 44.8 13 
Cost to refill vehicle ($/km) 0.032 0.025 
Major maintenance cost ($) N/A 5,500 
Acceleration time: 0-100 km/h 
(sec) 
10  10.2 
Top speed (km/h) 180 160 
Weight reduction while running Yes No 
Efficiency (%) 72 42 
 
 
5.4 Comparative systems results  
As it is shown in Table 5.19, the energetic renewability ratio for System 1, 2, and 3 are 
found to be 63%, 68%, and 72%, respectively. And exergetic renewability ratio for System 
1, 2, and 3 are 45%, 47%, and 51%, respectively. It shows System 1 has the smallest and 




Figure 5.19.  Overall exergy and energy efficiencies of System 1, 2 and 3 at sea level. 
 
System 3 with 385 km driving range to compare with other 2 proposed systems and 
4 other compressed air and electric vehicle in market has biggest driving range. Market 
Electric vehicle with 107 driving range has smallest driving range all this facts can be found 
in figure 5.20.  
It should be noted that, unlike the other systems which are compressed air or electric 
based only, system 3 is a hybrid one which contains both compressed air and electric 
powertrain. Systems 1 and 2 driving ranges are almost the same (200 km) in cruse condition 






























Figure 5.20.  Comparative driving range proposed systems with market compressed air 
and electric vehicles (km) 
 
 The exergy destruction rate for the major components of Systems 1, 2, and 3 are 
shown in Figure 5.21. It can be seen from Figure 5.21 that, for all systems, the highest 
exergy destruction occurs at the heat storage unit. This might be the result of potential heat 
losses and fluctuating exergy content of heat stored in this unit. Better insulation and 



























































Chapter 6: Conclusions and Recommendations 
6.1 Conclusions 
This thesis studies the feasibility of using compressed air as an energy carrier to propel a 
light vehicle using comprehensive thermodynamic analyses. Two classes of systems are 
analyzed; namely “pure” systems that deliver shaft energy on board of a vehicle sourced 
only from a pressurized air, and a hybrid pneumatic electric system that uses an additional 
fuel on board in order to generate more energy and extend the driving range. Due to the 
low energy storage density in pressurized air, the achievable driving range with a light 
vehicle is measured in tens of kilometres. The following specific conclusions are drawn 
regarding pure systems: 
 The energetic renewability ratio for Systems 1, 2, and 3 are found to be 63%, 68%, and 
72%, respectively.  
 The exergetic renewability ratio for Systems 1, 2, and 3 are 45%, 47%, and 51%, 
respectively. 
 The predicted driving ranges for Systems 1, 2, and 3 are 198 km, 202 km, and 385 km, 
respectively. 
 From the efficiency point of view, System 3 has the best performance, followed by 
System 2 and System 1. 
 The highest exergy destruction occurs at the heat storage unit. The exergy destruction 
for heat storage units of Systems 1, 2, and 3 are 0.29 kW, 0.34 kW, and 0.37 kW, 
respectively. 







Compressed air can be obtained or used with multi-stage compression or expansion units. 
Heat is recommended to be recovered from these cycles. This heat can be used for 
multigeneration purposes. Based on the results delivered in this thesis, the following points 
are recommended for future studies: 
 The prototypes of the proposed system should be built and tested for practical 
applications. 
 Further comparative assessment of PCM options for maintaining constant heat under 
various driving conditions should be conducted.  
 Additional investigation of possible heat recovery options for the proposed systems 
should be studied.  
 System hybridization possibilities should be investigated with different fuel powering 
options such as fuel cells, battery electric vehicles, and ICEs.  
 Supplementary studies of the control mechanism of each individual wheel with 
compressed air flow should be conducted. 
 System design improvement studies, including weight and volume reduction, should 
be performed, to reduce the space demand in the vehicle. 
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